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ABSTRACT 


When  the  compressive  shock  from  an  underwater  explosion  intercepts  the 
free  water  surface,  part  of  the  shockwave  energy  is  propagated  into  the  over- 
lying  air  and  part  is  reflected  back  into  the  water.  Early  acoustic  theories 
failed  to  describe  the  transmitted  and  reflected  waves  because  acoustic  theory 
implies  a  linear  stress/strain  relationship  for  the  water--including  the  ability 
of  water  to  withstand  considerable  tension.  The  analysis  provided  in  this  report 
assumes  that  the  water  can  withstand  no  substantial  amount  of  tension,  so  that 
an  incident  shockwave  causes  a  surface  layer  of  the  water  to  rupture  and  spall 
upward.  The  region  between  the  spall  and  the  underlying  (relatively)  quiescent 
water  has  long  been  termed  the  cavitated  region,  and  the  entire  process  has  been 
termed  bulk  cavitation. 

The  energy  contained  in  the  incident  compressive  shockwave  is  temporarily 
stored  in  the  kinetic  and  gravitational  potential  energy  of  the  spall.  When  the 
spall  falls  back  and  impacts  (water  hammers)  the  underlying  water  this  stored 
energy  is  re-emitted.  The  spalled  interface  behavior  is  essentially  different 
from  the  earlier  acoustic  interface  picture,  and  the  magnitude  and  shape  of  the 
pressure  waves  in  the  overlying  air  and  those  generated  in  the  water  at  the  time 
of  spall  impact  are  essentially  different  from  that  derived  from  the  acoustic 
interface  assumption. 

This  report  studies  the  mechanism  of  water  rupture,  cavitation,  and 
spall  formation;  studies  the  dynamics  of  this  spall  and  cavitated  region;  studies 
the  dynamics  of  spall  impact  and  generation  of  secondary  waves  under  water.  The 
study  concludes  with  a  discussion  of  the  air  blast  wave  shape  to  be  expected  when 
the  water  surface  moves  in  accord  with  the  spallation  and  cavitation  picture. 
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ON  THE  THEORY  OF  BULK  CAVITATION 


I.  INTRODUCTION 

When  the  pressure  wave  from  an  underwater  explosion  arrives  at  the  water 
surface,  a  reflected  wave  is  generated  which  is  rarefactive.  It  is  easily  shown* 
that,  when  the  strong  rarefactive  front  progresses  into  the  waning  portions  of  the 
incoming  compression  wave,  the  net  stress  in  the  medium  is  a  tension.  Meticulous- 
ly  clean  water  is  able  to  withstand  a  considerable  amount  of  tensile  stress;  but 
seawater,  because  of  the  abundance  of  impurities,  can  withstand  very  little  ten¬ 
sion.  Consequently,  the  above  described  tensile  wave  cannot  propagate  as  such; 
rather,  the  water  ruptures  and  the  pressure  in  the  ruptured  water  falls  to  the 
vapor  pressure  of  water--zero  for  all  practical  purposes  when  we  are  dealing  with 
pressures  produced  by  underwater  explosions. 

When  such  a  rupture  process  takes  place,  a  layer  of  water  near  the  sur¬ 
face  spalls  upward.  It  ho  longer  has  any  tensile  stresses  at  its  lower  boundary 
tending  to  return  the  water  particles  to  their  original,  pre-shockwave  position; 
the  motion  of  the  spalled  water  layer  is  determined  by  the  pressure  in  the  atmos¬ 
phere  overlying  the  spall,  and  by  the  acceleration  of  gravity.  The  motion  of  such 
a  spalled  water  surface  is  essentially  different  from  what  one  obtains  by  simple 
acoustic  analysis,  where  it  is  implicitly  assumed  that  the  water  can  sustain  ten¬ 
sile  as  well  as  compressive  stresses.  This  spall-type  motion  of  the  water  sur¬ 
face  will  accordingly  produce  pressure  waves  in  the  overlying  air  that  are  essen¬ 
tially  different  from  what  one  would  expect  from  acoustic  surface  behavior. 
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Cole,  Robert  H.,  Underwater  Explosions  (Princeton  University  Press, 
Princeton,  N.  J.,  1948),  p.  261 
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The  spalled  water  layer  is  driven  back  downward  so  that  ultimately  it 
must  impact  the  underlying  water;  the  dynamics  of  this  process  produces  a  traveling 
source  of  secondary  pressure  waves  in  the  water.  This  traveling  source  is  tanta¬ 
mount  to  a  generator  of  "sonic  boom";  because  of  focusing  effects,  there  are  cer¬ 
tain  locations  underwater  where  the  secondary  pressures  become  intense. 

The  significant  role  that  spalled  surface  behavior  plays  in  the  production  of  air 
blast  waves  and  in  the  production  of  underwater  secondary  pressure  waves  has  promp¬ 
ted  this  investigation. 

The  intervening  region  between  the  upward  traveling  spalled  water  layer 
and  the  underlying  (relatively  quiescent)  water  necessarily  has  an  average  speci¬ 
fic  volume  greater  than  that  of  seawater.  This  intervening  region  is  termed  the 
cavitated  region;  and  the  entire  process  has  for  some  time  been  termed  Bulk  Cavi¬ 
tation. 

A  large  fraction  of  the  total  explosion  hydrodynamic  yield  becomes  tempor¬ 
arily  stored  in  the  bulk  cavitation  process;  and  the  stored  energy  is  later  re¬ 
emitted  when  the  cavitation  closes.  For  an  underwater  explosion  one-half  of  the 
shockwave  energy  intercepts  the  water  surface  and  thus  becomes  involved  in  pheno¬ 
mena,  such  as  bulk  cavitation,  at  the  surface.  Even  after  discounting  that  por¬ 
tion  of  the  shockwave  energy  which  Intercepts  the  surface  at  grazing  angles  (large 
distances  from  surface-zero)  where  bulk  cavitation  phenomena  are  relatively  insig¬ 
nificant,  the  fraction  of  shockwave  energy  emitted  by  the  explosion  and  signifi¬ 
cantly  involved  in  surface  effects  is  still  large;  hence,  pressure  waves  in  the 
air  and  in  the  water  have  their  character  largely  influenced  by  the  bulk  cavita¬ 


tion  process. 
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Bulk  cavitation  was  analyzed  by  Kennard  approximately  25  years  ago..  It 

plays  a  role  not  only  in  connection  with  a  free  surface--as  we  are  studying  here-- 

but  also  plays  a  role  when  an  underwater  shockwave  interacts  with  a  compliant, 

inerlially  loaded  suiface,  such  a9  a  hull  plate;  Kennard  also  investigated  this 
3 

aspect  .  In  1961,  the  writer  investigated  in  detail  the  mechanisms  of  water  rup- 
4 

ture  ,  and  the  dynamics  of  cavity  growth  and  closure  and  consequent  water  hammer. 
Equations  of  motion  were  set  up;  results  were  obtained  by  machine  computation.  In 
1962,  there  was  further  investigation  of  the  extent  of  the  cavitated  region  for  a 
spherical  explosion  and  investigation  of  the  "sonic  boom"  effects  due  to  the  dyna¬ 
mics  of  cavitation  closure^.  In  1965,  the  bulk  cavitation  phenomena  associated 
with  a  compliant  plate  were  studied*’. 

Section  III  of  this  report  sets  up  the  equations  of  motion  and  obtains 
closed  form  solutions  describing  as  functions  of  time:  (1)  spall  thickness,  (2) 
spall  surface  position,  (3)  spall  surface  velocity,  (4)  spall  surface  acceleration; 
and  in  particular,  determines  the  depth  at  which  closure  occurs  and  the  impact 
velocity  with  which  the  spall  hammers  the  underlying  water. 


2E.  H.  Kennard,  Phys ■  Rev . .  63,  172  (1943). 
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E.  H.  Kennard,  "Explosive  Load  on  Underwater  Structures  as  Modified  by 
Bulk  Cavitation,"  Report  511,  David  Taylor  Model  Basin  (1943). 

4 

Vincent  Cushing,  "Study  of  Bulk  Cavitation  and  Consequent  Water  Hanmer," 
Final  Report  for  Office  of  Naval  Research  under  Contract  Nonr-3389 (00) ,  October  31, 
1961. 


Vincent  Cushing,  George  Bowden,  and  Dean  Reily,  "Three-Dimensional  Analy 
s is  of  Bulk  Cavitation,  :  Report  for  Office  of  Naval  Research  under  Contract 
Nonr-3709(00) ,  September  24,  1962. 

^Vincent  Cushing  and  William  Losaw,  "Hull  Flate  Deformation  from  Under¬ 
water  Shockwaves,"  Report  prepared  for  Underwater  Explosions  Research  Division  of 
DTMB  under  Contract  N189(181)-56855A(X) ,  July  30,  1965. 
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In  Section  IV  we  make  a  change  of  variable  so  that  the  general  solutions 
obtained  in  Section  III  can  be  used  to  obtain  results  for  underwater  shockwaves 
that  strike  the  free  water  surface  at  arbitrary  angles  of  incidence.  We  solve 
the  equations  for  the  condition  where  the  underwater  shockwave  consists  of  a 
shock  rise  with  exponential  tail-off  typical  of  underwater  explosions.  The 
Appendix  provides  tabulations  of  the  solutions  to  these  equations  as  a  function 
of  wave  length  for  exponential  waves. 

In  Section  V,  we  study  the  spallation  and  reloading  dynamics,  including 
the  generation  of  secondary  pressure  waves  in  the  water  for  a  spherically  sym¬ 
metric  explosion,  and  compare  analytical  results  with  the  experiments  reported 
by  Walker^.  In  Section  VI,  we  indicate  the  implications  to  the  air  blast 
pressure  signature. 


^R.  R.  Walker  and  J.  D.  Gordon,  "A  Study  of 
Underwater  Explosions,"  DTMB  Report  1896,  September, 


the  Bulk  Cavitation  Caused 
1966 . 


by 
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11 .  FORMATION  OF  CAVITATION 

A  detailed  description  of  the  mechanics  of  cavitation  and  the  extent  of  the 
cavitated  region  is  provided  in  references  3  and  4.  Here  we  will  review  briefly 
the  shockwave  motion  toward  the  water  (free)  surface,  and  the  motion  of  the  re¬ 
flected  rarefaction.  We  will  set  up  an  expression  for  the  pressure  that  would 
exist  at  the  rarefaction  front  if  one  permits  sizeable  tensile  stresses  in  the  wa¬ 
ter,  and  from  this  we  can  determine  the  depth--the  onset  depth--where  rupture  of 
the  water  or  cavitation  first  takes  place.  We  will  then  set  up  an  expression  for 
the  velocity  of  the  water  particles  in  the  cavitated  region,  and  from  thi3  we  can 
determine  the  depth--the  termination  depth--beyond  which  cavitation  or  rupture  can 
no  longer  take  place.  Finally,  we  will  see  that  the  cavitated  region  exists  for 
a  very  long  duration  compared  with  the  time  it  takes  the  causative  rarefaction 
front  to  traverse  the  entire  cavitated  region;  hence,  as  an  approximation  we  will 
be  justified  in  later  analyses  in  assuming  that  the  entire  cavitated  region  is 
formed  Instantaneously. 

To  keep  the  discussion  simple  at  the  outset,  we  will  discuss  a  one-dimen¬ 
sional  shockwave  traveling  vertically  upward  and  incident  normally  at  the  free 
water  surface.  In  Section  IV  we  show  how  the  results--with  simple  redefinition  of 
the  variabl es- -are  applicable  to  shockwaves  with  arbitrary  angle  of  incidence. 

A .  Wave  Propagation 

At  a  time  before  the  incident  shockwave  strikes  the  water  surface,  the 
pressure  p  as  a  function  of  water  depth  z  is  as  indicated  in  figure  1.  The  pres¬ 
sure  p  is  indicated  by  the  solid  curve:  it  is  the  superposition  of  atmospheric 
pressure,  hydrostatic  pressure,  and  shockwave  pressure. 

When  the  incident  compression  wave  is  reflected  from  the  free  water  sur¬ 
face,  a  reflected  rarefaction  wave  must  be  generated  such  that  the  pressure  at 


Figure  1.  Total  pressure  p--the  superposition  of  atmospheric  pressure,  hydrostatic  pressure,  and 
shockwave  pressure--as  a  function  of  water  depth  z  just  before  the  incident  shockwave  reaches  the 
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Che  water  surface  is  atmospheric  pressure  p^.  A  portion  of  the  pressure  wave  is 
also  propagated  out  into  the  air;  however,  since  the  specific  acoustic  impedance 
of  water  and  air  differ  by  a  factor  of  3,600,  we  can  for  the  moment  neglect  the 
airwave  pressure  and  simply  require  that  the  pressure  at  the  surface  be  atmospheric 
pressure  p  .  The  front  of  the  rarefaction  wave  must  have  a  strength  of  the  same 
magnitude  as  the  incoming  shockwave,  and  as  this  strong  rarefaction  front  pro¬ 
gresses  into  the  waning  portions  of  the  incident  shockwave,  the  total  pressure  p 
is  as  depicted  by  the  solid  curve  in  figure  2. 

If  the  incident  shock  peak  pressure  pQ  is  sufficiently  large,  then  it  is 
possible,  as  shown  in  figure  2,  that  the  total  pressure  p  becomes  negative  beyond 
a  certain  onset  depth  zq. 

If  water  could  withstand  substantial  tensile  stress,  these  pressure  waves 
would  propagate  in  acoustic  fashion.  Negative  pressure  in  water  is  an  unstable 
condition;  the  stable  condition  is  that  the  water  will  rupture  so  that  its  speci¬ 
fic  volume  increases  by  vaporization,  and  the  stable  pressure  is  the  vapor  pres- 
sure--effectively  zero  on  the  scale  of  pressures  of  interest  in  underwater  shock- 
waves.  The  unstable  condition  of  large  tension  has  been  observed  in  very  pure 
water  contained  in  capillaries;  but  in  seawater,  where  there  is  numerous  foreign 
matter  which  serves  as  the  nucleus  for  vaporization,  we  can  expect  that  the  water 
is  unable  to  sustain  tensile  stress,  and  we  will  henceforth  assume  that  the  pres¬ 
sure  in  the  cavitated  region  is  zero.  This  assumption  seems  to  be  borne  out  by 
the  experimental  results  shown  in  reference  7. 

B .  Pressure  at  Rarefaction  Front 

As  indicated  in  figure  2,  the  minimum  pressure  at  any  instant  in  time 
occurs  at  the  front  of  the  reflected  rarefaction  wave.  If  rupture  of  the  water 
is  to  take  place,  the  total  pressure  p  at  this  front  must  at  some  depth  reach 


WANING  PORTION  OF  INCIDENT 
SHOCKWAVE 


Figure  2.  Total  pressure  p--the  superposition  of  atmospheric  pressure,  hydrostatic  pressure, 
incident  shockwave  pressure,  and  reflected  rarefaction  wave  pressure--as  a  function  of  depth 
after  the  incident  shockwave  has  reflected  from  the  free  water  surface. 
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zero.  For  example,  if  the  incident  shockwave  consists  of  a  shock  rise  to  peak 
pressure  pq  and  with  exponential  tail-off  of  wave  length  X,  i.e.,  if  it  is  of  the 
form  pQe  v  7  ,  then  it  has  been  shown  that  the  total  pressure  p  as  a  func¬ 

tion  of  depth  z--neglecting  cavitation--is  described  by 

y.  *  2ZA 

p  =  pfl  +  Dgz  -  PQ (1  -  e  )  ,  (!) 

2  /\ 

where  p  is  atmospheric  pressure;  pgz  is  hydrostatic  pressure;  and  -p  (1  -  e~  z/  ) 

o 

is  the  pressure  contribution  due  to  the  peak  rarefaction  pressure  plus  the  waning 
portions  of  the  incoming  compressive  shockwave. 

In  figure  3  we  show  as  pressure  curve  III  one  that  does  not  have  any  mini¬ 
mum  value  in  the  water;  and  at  the  surface  its  value--in  common  with  all  three 

pressure  curves--is  equal  to  the  atmospheric  pressure  p^.  With  a  pressure  ex¬ 
pression  as  described  by  equation  (1)  such  a  type  III  curve  can  occur  if  pQ  is 

too  small  and/or  if  the  shockwave  wavelength  X  is  too  long.  Such  a  wave  cannot 

produce  cavitation. 

Curve  II  in  figure  3  satisfies  the  requirement  that  the  minimum  pressure 
occurs  in  the  water,  i.e.,  at  positive  values  of  depth  z.  However,  we  have  the 
additional  requirement--if  cavitation  is  to  occur- -that  the  total  pressure  reaches 
a  minimum  value  which  is  negative  for  some  positive  value  of  depth  z. 

C .  Onset  Depth 

From  figure  3  we  see  that  the  total  pressure  p  first  reaches  zero--and 
cavitation  commences --at  the  onset  depth  zq;  from  equation  (1)  for  exponential 
type  waves,  this  onset  depth  zq  must  satisfy  the  transcendental  equation 


-2z  /X 


0  -  p  +  Dgz  -  p  fl  -  e 
a  o  o 


(2) 
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Figure  3.  Total  pressure  at  reflected  rarefaction  front  as  a  function  of  depth 


If  zq/X  is  sufficiently  small,  the  solution  to  equation  (2)  is  approximated  by 


2po  -  pgX 


The  term  pgX  is  the  hydrostatic  pressure  at  depth  X--it  is  an  expression  that  will 
show  up  repeatedly  in  bulk  cavitation  analysis. 

D.  Particle  Velocity  History 

Figure  4  shows  the  motion  of  water  particles  at  various  initial  depths. 

In  figure  4  water  depth  z  is  measured  vertically  downward;  and  time  t  is  the  ab¬ 
scissa.  In  that  figure  we  see  the  trajectory  of  the  incoming  shock  front  and  also 
the  trajectory  for  the  reflected  rarefaction  front.  All  water  particles  are  qui¬ 
escent  prior  to  arrival  of  the  incoming  shock  front.  Immediately  after  arrival  of 
the  shock  front,  the  water  particle  is  traveling  upward  with  particle  velocity 
computed  in  the  usual  fashion--for  the  pressure  levels  of  interest  we  generally 
compute  this  particle  velocity  in  accord  with  the  acoustic  approximation. 

When  the  incoming  shock  front  strikes  the  free  surface,  a  rarefaction 
wave  is  reflected  back  down  into  the  water;  the  trajectory  of  the  reflected  rare- 
raction  front  is  also  shown  in  figure  4.  The  rarefaction  wave  causes  a  further 
increase  in  upward  velocity  of  the  water  particles.  As  indicated  earlier,  the 
total  pressure  p  in  the  water  remains  positive  until  a  certain  depth  zq,  as  indi¬ 
cated  in  figure  4;  to  this  depth  we  can  compute  water  particle  velocity  by  the 
acoustic  approximation.  According  to  such  a  computation,  the  particle  velocity 

in  the  neighborhood  of  the  surface  z  is  given  by  the  usual  expression  2p  /pc  where 

s  o 

pc  is  the  specific  acouscic  impedance  for  water.  Thus,  the  water  surface  initially 


takes  off  with  a  surface  rate  as  depicted  in  figure  4. 


Let  us  now  compute  the  upward  particle  velocity  of  the  water  imnediately 
after  passage  of  the  reflected  rarefaction  front.  When  the  reflected  rarefaction 


Z, 

Zr 


Figure  4.  Motion  of  water  particles  at  various  depths,  ranging  from  zs  (the  water 
surface)  to  zQ  (the  depth  of  cavitation  onset),  zc  (the  depth  of  cavitation  closure), 
and  zx  (the  terminal  depth  beyond  which  there  is  no  cavitation).  The  particle  originally 
at  depth  z-  is  typical  of  the  water  particle  which  is  accreted  to  the  lower  boundary  z^ 
of  the  spatl.  The  water  particle  of  depth  I2  follows  a  ballistic  trajectory  till  it 
foils  back  to  its  original  depth. 


front  has  reached  a  depth  z,  the  particle  velocity  just  below  the  front--due 
to  the  waning  portion  of  the  incoming  compression  wave--is  vertically  upward  (i.e. 
negative  in  our  coordinate  system)  and  computed  in  the  acoustic  approximation  to 
be  (see  reference  3) 

-2z/\ 

'Poe 

Ui  *  DC  .  (4) 

If  the  water  behaves  acoustically,  i.e.,  can  withstand  any  required  extent  of  ten¬ 
sile  or  compressive  strength,  the  reflected  rarefaction  front  drops  the  pressure 
by  an  amount  pq;  in  the  acoustic  approximation,  the  upward  velocity  increment  u^ 
due  to  this  pressure  change  is  described  by 

ur  "  P0/Pc  »  (5) 

For  an  acoustic  medium,  the  upward  particle  velocity  after  passage  of  the  re¬ 
flected  rarefaction  front  would  be  the  sum  of  and  u^  expressed  in  equations  (4) 
and  (5)  . 

However,  seawater  cannot  withstand  the  required  tensions,  and  therefore 
for  depths  greater  than  the  onset  depth  z^,  the  reflected  rarefaction  front  can 
do  no  more  than  drop  the  pressure  to  zero  (more  precisely,  the  vapor  pressure  of 


water).  The  pressure  p^  in  the  water  immediately  below  the  rarefaction  front  is 

expressed  by 

«• 

,  ,  -2z/\ 

pp  *  Pg  +  Pgz  +  PQe  »  (&) 

2zt\ 

where  p  is  atmospheric  pressure,  pgz  is  hydrostatic  pressure,  and  p  e  is  the 

A  O 

pressure  remaining  in  the  waning  portions  of  the  incoming  shockwave.  The  reflected 


rarefaction  front  drops  the  pressure  in  the  water  by  the  amount  p^  expressed  by 
equation  (6).  The  process  of  dropping  this  pressure  takes  place  before  the  water 


has  actually  ruptured;  hence,  the  increment  in  particle  velocity  u^  due  to  this 
pressure  drop  can  be  computed  in  the  acoustic  approximation.  The  pressure  drop 
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from  Pp  to  zero  by  the  rarefaction  front  causes  an  upward  increment  in  particle 
velocity  u^  described  by 

u  *  '  P„/oc  •  (7) 

P  P 

The  total  particle  velocity  immediately  after  passage  of  the  reflected  rarefaction 
front  is  the  sum  of:  (1)  the  velocity  u^,  i.e.,  the  particle  velocity  in  the  wa¬ 
ter  just  prior  to  arrival  of  the  reflected  rarefaction  front;  plus  (2)  the  incre¬ 
ment  in  particle  velocity  u^  due  to  the  pressure  change  caused  by  the  rarefac¬ 
tion  front.  Therefore,  the  particle  velocity  u(z)  at  depth  z  in  the  water  immed¬ 
iately  after  passage  of  the  reflected  rarefaction  front  is  the  sum  of  equations 


(4)  and  (7) 


0  /  \ 

u(z)  ■  -(p  +  pgz  +  2p  e  z  )/pc 

a  o 


We  use  a  minus  sign  in  front  of  the  expression  in  equation  (8)  because,  in  our 
analysis,  we  are  measuring  z  vertically  downward;  the  "launch  velocity"  u(z)  im¬ 
mediately  after  passage  of  the  reflected  rarefaction  front  is  upward. 

E.  Instant  Cavitation  Approximation 

The  reflected  rarefaction  front  travels  at  the  speed  of  sound  in  water  c. 
Therefore,  the  particle  at  depth  z  is  launched  at  a  time  z/c.  As  suggested  in 
figure  4,  we  find  that  the  motions  of  the  particles  in  the  cavitated  region  and 
the  motion  of  the  overlying  spall  take  place  during  times  which  are  very  large 
compared  with  z/c;  and  so  we  will  henceforth  simplify  the  analysis  by  neglecting 
the  time  z/c,  i.e.,  by  assuming  that  at  all  depths  z  the  water  particles  are 
launched  at  time  t  equal  to  zero,  as  shown  in  figure  5.  With  this  instant  cavita¬ 
tion  approximation,  we  assume  that  all  water  particles  beyond  the  onset  depth  zq 
are  launched  simultaneously  at  time  zero,  and  that  the  "launch  velocity"  with  the 
particle  at  depth  z  is  expressed  by  equation  (8). 


Figure  5.  Water  particle  trajectories  under  the  approximation  that  the  transit 
time  of  the  rupturing  rarefaction  front  is  negligible  compared  with  the  trajectory 
times  of  the  cavitated  water. 
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We  will  see  later  that,  depending  on  the  shockwave  peak  pressure  p^,  there 
is  a  certain  depth  z^--as  depicted  in  figures  4  and  5--beyond  which  the  cavit  tion 
process  cannot  tal e  place.  For  depths  less  than  the  onset  depth  zq  and  greater 
than  the  termination  depth  z^,  the  specific  volume  of  the  water  is  that  of  liquid 
water,  with  only  slight  variations  in  specific  volume  which  are  in  accord  with  the 
acoustic  approximation. 

Between  the  onset  depth  zq  and  the  termination  depth  z the  water  has  rup¬ 
tured  or  cavitated;  it  has  vaporized  to  the  extent  necessary.  Macroscopically , 
the  specific  volume  can  increase  considerably  beyond  that  of  ambient  seawater;  to 
achieve  this  macroscopic  increase  in  specific  volume,  we  can  imagine  the  cavitated 
region  to  consist  mostly  of  liquid  water  with  numerous  water  vapor  bubbles  dis¬ 
persed  throughout  the  volume,  or  we  may  alternately  envision  it  as  numerous  liquid 
water  droplets  dispersed  throughout  a  volume  of  water  vapor. 

Since  the  pressure  throughout  the  cavitated  region  is  virtually  zero  (the 
vapor  pressure  of  water  at  standard  temperature),  there  is  no  pressure  gradient 
throughout  the  cavitated  region.  Therefore,  only  the  body  force  of  gravity  acts 
on  the  cavitated  water  particles,  and  hence,  each  water  particle,  once  launched  by 
the  reflected  rarefaction  front,  follows  a  ballistic  trajectory.  Conservation  of 
matter  considerations  indicate  that  a  water  particle  can  follow  this  "cavitated 
trajectory"  only  while  it  is  at  a  depth  less  than  its  quiescent  depth.  For  ex¬ 
ample,  in  figures  4  and  5  we  show  a  water  particle  initially  at  depth  z0.  It  can 
exist  in  a  cavitation  condition  during  the  parabolic  trajectory  indicated,  but 
when  this  parabolic  trajectory  falls  back  to  the  pre-shockwave  depth,  the  cavita¬ 
ted  condition  is  terminated.  If  after  flow  is  taken  into  account,  the  water 
particle  initially  at  depth  z 2  will  complete  its  trajectory  when  it  returns  to 
a  depth  somewhat  less  than  the  initial  depth. 
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F.  Closure  From  the  Bet  tom 

Figures  4  and  5  depict  the  locus  of  the  lower  boundary  of  the  cavitated 
region.  At  the  terminal  depth  z T  the  water  is  launched  into  ballistic  trajectory 
with  velocity  u(z^).  The  equations  which  allow  one  to  solve  for  the  termination 
depth  z are  discussed  later.  Since  this  water  travels  under  the  action  of  grav¬ 
ity  alone,  the  water  particle  at  this  termination  depth  will  fall  back  to  its  am¬ 
bient  depch  at  a  time  t^  described  by 


t 


T 


I  U(*T> 


(9) 


(again  we  recall  that,  in  our  system  of  coordinates,  the  launch  velocity  u(z)  is 
negative--vertically  upward).  In  other  words,  the  cavitated  region  commences  to 
close  from  the  bottom  at  the  time  tT>  In  general,  a  water  particle  at  depth  z 
will  fall  back  on  the  underlying  water--!. e.,  will  fall  back  to  its  original  depth 
--at  a  time  t  described  by 


t  =  -  |  u  (z )  .  (10) 

If  the  incident  shockwave  has  a  shock-rise  with  exponential  tail-off  so  that  the 
launch  velocity  i3  as  described  by  equation  (8),  cavitation  closure  from  the  bot¬ 
tom--!. e.,  the  t  versus  z  curve--has  the  general  shape  of  the  curve  labelled 
"Lower  Boundary  of  Cavitated  Region"  shown  in  figures  4  and  5. 

G.  Closure  From  the  Top 

The  liquid  layer  or  spall  is  contained  between  the  curves  labelled  z  and 

s 

z  as  depicted  in  figures  4  and  5.  At  any  instant  of  time,  this  liquid  layer  is 
L 

forced  downward  by:  (1)  the  body  force  of  gravity,  and  (2)  atmospheric  pressure 
acting  on  the  upper  surface  of  the  3pall.  Hence,  the  spalled  liquid  layer  is  ac¬ 
celerating  downward  more  rapidly  than  if  it  were  acted  upon  by  the  force  of  grav- 
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ity  alone.  If  we  now  follow  a  water  particle  at  depth  z^  as  shown  in  figure  4, 
we  know  that,  once  launched  in  its  cavitated  trajectory,  it  follows  a  ballistic 
trajectory.  It  follows  that  the  more  rapidly  accelerating  liquid  spall  layer 
"overtakes"  a  particle  that  was  launched  from  the  depth  In  other  words,  the 

mass  and  momentum  of  the  water  particle  originating  at  depth  z^  is  at  some  time 
accreted  to  the  lower  boundary  z ^  of  the  spall.  In  Section  III  we  will  take  this 
accretion  of  mass  and  momentum  into  account  in  setting  up  the  equations  of  motion 
of  the  spall. 

Because  of  this  continuing  accretion  process,  the  thickness  of  the  spall 

grows.  When  the  z.  curve  Intersects  the  z_  curve  shown  in  figures  4  and  5,  cavi- 
h  D 

tatlon  is  finally  concluded.  The  depth  at  which  this  closure  or  conclusion  takes 
place  ia  the  depth  z ^  as  shown  in  figures  4  and  5.  The  time  of  closure  is  equal 
to  the  ballistic  trajectory  time  of  the  water  particle  launched  from  depth  z^. 

At  the  time  of  closure,  the  liquid  spall  contained  between  z  and  z  has 

3  C 

a  vertically  downward  momentum;  this  momentum  is  suddenly  arrested  by  impacting 
on  the  underlying  water,  and  this  impact  or  "water  hammer"  is  a  source  of  second¬ 
ary  pressure  waves.  These  will  be  studied  in  more  detail  in  Section  V  of  this  re¬ 
port  . 

H.  Termination  Depth 

Once  cavitation  is  initiated,  the  reflected  rarefaction  front  can  con¬ 
tinue  to  cavitate  water  as  it  progresses  to  deeper  depths  provided  the  launch 
velocity  gradient  du(z)/dz  s  u^z)  is  favorable.  The  lower  bound  of  the  cavitated 
region  z ^  is  determined  by  noting  when  the  launch  velocity  gradient  becomes  un¬ 
favorable,  i.e.,  the  termination  oepth  is  determined  by 

u'(zT)  -  0 


(ID 
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?©i  the  shock-rise  end  exponential  tail-off  Incident  wave  where  the 
launch  velocity  u(z)  is  as  described  by  equation  (8)  we  find  the  following  rela¬ 
tionship  for  the  termination  depth  z^, 

ztA  *  \  In  <4po/pgX)  .  (12) 
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III.  ANALYSIS 

In  earlier  section*  we  described  the  cavltated  region  as  one  where  the  wa¬ 
ter  had  ruptured  and  where  the  (macroscopic)  specific  volume  could  increase  con¬ 
siderably  beyond  that  of  liquid  water.  Overlying  this  cavltated  region  is  a  liq¬ 
uid  layer  of  water  —  the  spall--which  is  driven  downward  by  gravity  and  the  over- 
lying  air  pressure  acting  at  its  surface.  The  spall  is  thus  driven  down  into  the 
cavltated  region,  accreting  momentton  and  mass  from  the  cavltated  water  particles; 
the  spall  thus  grows  in  thickness  during  its  trajectory. 

From  figure  6  we  note  that  the  water  particle  originally  at  depth  z  becomes 
accreted  to  the  spall  at  a  time  when  the  spall  has  reached  a  thickness  of  z.  This 
simply  says  that  the  liquid  water  making  up  the  spall  of  thickness  z  must  have  de¬ 
rived  from  the  liquid  water  which  originally  was  contained  between  the  water  sur¬ 
face  and  depth  z . 

At  the  time  that  the  spall  has  achieved  a  thickness  of  z,  its  surface  is 
at  the  position  zfl.  From  figure  6  we  see  that  the  cavltated  water  particle  ori¬ 
ginating  from  depth  z  has  risen--in  ballistic  tra jectory--to  the  height  zg  at  the 
instant  that  it  accretes  to  the  spall. 

A.  Equations  of  Motion 

In  the  following  analysis,  the  time  t  is  the  independent  variable;  z(t) 
is  the  thickness  of  the  spall;  zg(t)  is  the  position  of  the  spall  surface. 

Conservation  of  momentum  requires  the  following  equation  be  satisfied  (we 

will  discuss  each  term  following  the  equation) 

C  z 

pzz  -  0  u(z)dz  ■  pgzt  +  p  t  .  (13) 

s  a 

J  o 

The  first  term  on  the  left  of  equation  (13)  is  the  momentum  of  the  spall  at  time 
t;  the  second  term  on  the  left  of  the  equation  represents  the  total  momentum  in 


Figure  6.  Relationship  between  spall  surface  position  and  spall  thickness  z. 


A  J  * 
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the  water  to  depth  z  at  the  onset  of  cavitation.  The  left  hand  side  of  the  equa¬ 
tion  therefore  is  the  change  in  momentum  of  all  the  water  originally  contained  be¬ 
tween  the  water  surface  and  depth  z.  The  first  term  on  the  right  hand  side  of 
equation  (13)  is  the  gravitational  body  force--acting  through  time  t--applied  to 
all  of  the  water  contained  between  the  surface  and  depth  z;  the  second  term  on  the 
right  is  the  atmospheric  pressure--acting  through  time  t--applled  on  the  upper 
surface  of  the  spall.  Since  the  cavitated  region  under  the  spall  is  at  vapor  pres- 
sure--virtually  zero--there  is  no  surface  force  on  the  under  side  of  the  spall. 

The  two  terms  on  the  right  hand  side  of  equation  (13)  therefore  represent  the  im¬ 
pulse  applied  during  the  time  t  to  all  of  the  water  contained  between  the  water 
surface  and  depth  z. 

We  have  already  indicated  in  our  discussion  of  figure  6  that  the  water 

particle  launched  from  depth  z  rises  in  a  ballistic  trajectory  by  an  amount  z  at 

S 

the  time  it  accretes  to  the  spall.  We  therefore  have  the  following  relationship 
(recall  that  z  is  measured  vertically  downward,  and  u(z)  is  a  negative  number 
since  the  cavitated  water  is  launched  vertically  upward) 

zg  =  t  u(z)  +  *  t2  .  (14) 

If  we  differentiate  equation  (14)  with  respect  to  time  and  substitute  z  into 

8 

equation  (13)  we  obtain,  after  some  manipulation, 

zzu'(z)  +  [tzzu'(z)]  -  pa/p  ,  (15) 

where  z  denotes  the  time  derivative  of  z;  and  u*(z)  denotes  du/dz. 

Equation  (15)  allows  one  to  solve  the  spall  thickness  z  as  a  function  of  time  t. 

It  is  interesting  to  note  that  spall  growth  depends  only  on  the  form  of  u(z)  and 
on  the  overlying  air  pressure  which  drives  the  spall  downward,  accreting  the 
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mass  and  momentum  of  the  underlying  cavitated  water.  As  one  would  expect  from 
dynamics  in  a  uniformly  accelerating  coordinate  system,  z(t)  should  not  depend 
on  the  gravitational  acceleration  g. 

B .  Solutions 

The  solution  to  equation  (15)  is 


zzu  (z)  =  p  / 2 p 
a 


(16) 


If  we  separate  variables  in  equation  (16)  and  integrate,  we  obtain 


t  - 


Ifi 


zu  (z)dz 


(17) 


This  can  be  alternatively  written  as 


t  » 


Ifi 


r 

jzu(z)  - 

L 


u(z)dzJ 


(18) 


The  launch  velocity  u(z)  depends  on  the  wave  shape  of  the  incident  shock- 
wave;  for  a  shock-rise  to  peak  pressure  pQ  with  exponential  tail -off  with  wave 
length  u(z )  has  the  form  of  equation  (8).  Once  u(z)  is  established,  equation 

(17)  or  (18)  becomes  a  relationship  implicitly  giving  spall  thickness  z  as  a  func¬ 
tion  of  time  t.  If  equation  (17)  or  (18)  is  substituted  into  equation  (14)  we 

then  also  can  describe  the  position  of  the  spall  surface  z  as  a  function  of  time. 

s 

In  Section  IV  of  this  report,  we  carry  out  solutions  of  these  equations  for  expon¬ 
ential  waves. 

We  reiterate  that  we  have  simplified  the  analysis  by  making  the  "instant 
cavitation  approximation"  described  earlier.  Thus  equations  (14)  and  (15)  are 
valid  only  when  z(t)«  ct.  This  inequality  holds  for  most  explosion  configura¬ 
tions  of  interest  after  cavitation  has  commenced,  i.e.,  tor  t  a  /c>  where  z 

o  o 

is  the  cavitation  onset  depth  described  in  Section  IIC. 


IV,  SPALL  DYNAMICS  WITH  EXPONENTIAL  WAVES 

Pressure  waves  from  underwater  explosions  are  generally  depicted  as  having 
a  shock-rise  to  a  pressure  pQ  followed  by  an  exponential  fall-off  in  pressure  with 
a  wave  length  \,  where  X  is  the  distance  behind  the  shock  front  where  the  peak 
pressure  has  fallen  to  1/e  of  its  value.  In  this  section,  we  will  obtain  solu¬ 
tions  to  the  equations  already  developed  for  such  exponential  waves--further  tak¬ 
ing  into  account  that  the  shock  wave  can  make  an  angle  of  incidence  a  with  the 
free  surface,  as  shown  in  figure  7. 

Analytically,  the  incident  pressure  wave  is  of  the  form 


P 


i 


e-(t  +  az/c)/r 
ro 


t  +  az/c  £  0  ,  (19) 


-  0 


t  +  az/c  <  0 


where  a  *cos  ot;  z  is  depth  measured  from  the  surface  ;  t  =  ?/c. 
Similarly,  the  reflected  rarefaction  wave  p^  is  described  by 


-(t  -  az/c)/T 


az/c  20 


(20) 


(21) 


■  0  t  -  az/c  <  0  .  (22) 

Our  objective  is  to  find  the  vertical  component  of  the  water  particle  vel¬ 
ocity  Immediately  after  passage  of  the  reflected  rarefaction  front,  i.e.,  our  ob¬ 
jective  is  to  ascertain  the  cavitation  launch  velocity  u(z).  Following  the  dis¬ 
cussion  in  Section  II  of  this  report,  and  observing  the  geometry  of  figure  7,  we 
note  that  the  vertical  component  of  particle  velocity  in  the  incident  wave  Just 
prior  to  arrival  of  the  reflected  rarefaction  front  is  u^  described  by 
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ap  e 
ro 


-2az  A 


(23) 


pc 


The  pressure  p^  ^analogous  to  that  discussed  in  equation  (6)  on  page  13  of  this 
reportj  in  the  water  just  prior  to  arrival  of  the  rarefaction  front  is 


Pp  ‘  Pa  +  082  +  Po  6 


-2azA 


(24) 


When  cavitation  takes  place,  this  pressure  p^  is  dropped  to  zero,  and  this  pres¬ 
sure  reduction  imparts  a  particle  velocity  component  ur  normal  to  the  rarefaction 
front  (see  figure  7);  the  vertical  component  of  particle  velocity  is  u^  described 


by 


u  =  -  ap  /pc 
P  P 


(25) 


The  launch  velocity  u(z)  of  the  cavitated  water  is  the  sum  of  u^  and  u^  described 
by  equations  (23)  and  (25)  taking  into  account  equation  (24),  we  obtain  finally 


u(z)  =  -  a  (p  +  pgz  +  2  p  e 
a  o 


(26) 


where  again  we  note  that  the  minus  sign  occurs  in  equation  (26)  because  we  measure 
z  vertically  downward,  whereas  the  cavitation  launch  velocity  u(z)  is  vertically 
upward.  Equation  (26)  is  valid  in  the  cavitated  region,  i.e.,  where  £  z  £ 

(z  is  the  depth  of  cavitation  onset;  z  is  the  depth  of  cavitation  termination). 

We  now  make  the  following  definitions  of  variables: 

L  =  X/a  ;  (27) 

Z  =  z/L  ;  (28) 

t  =  X/c  (29) 
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PL  -  pgL/pa  ;  (30) 

P  =  p  /p  (31) 

o  *o  1  a  •  v  ' 


L  is  the  modified  wave  length  of  the  incident  shock  wave,  taking  into  account  the 
angle  of  incidence  or;  t  is  the  characteristic  time  of  the  incident  shock  wave;  Z 
is  the  dimensionless  depth  (taking  into  account  the  angle  of  incidence  o');  is 
the  hydrostatic  pressure  at  depth  L,  expressed  in  atmospheres;  Pq  is  the  peak 
pressure  of  the  incident  shock  wave,  expressed  in  atmospheres.  In  terms  of  these 
new  variables,  equation  (26)  can  be  rewritten  as 


u(Z) 


Z  +  2e 


(32) 


A.  Spall  Thickness  Versus  Time 

If  we  make  the  necessary  change  in  variables  in  equation  (18),  use  equa¬ 
tion  (32)  and  carry  out  the  indicated  Integration,  we  obtain  the  following  ex¬ 
pression  for  the  real  time  t 


t  =  2  TP  T 
o 


seconds  , 


(33) 


where  the  dimensionless  time  T  is  defined  as 

P 


1  -(1  +  2Z)e 


-2Z 


2P  Z 


o 


(34) 


The  real  time  t  is  largely  proportional  to  the  shock  strength  po--espec- 
ially  so  when  p  is  large;  we  therefore  find  it  convenient  for  computational  tab¬ 


ulations  in  the  Appendix  to  employ  a  reduced  time  t  defined  by 


t  *  t/ap 
P  o 


seconds  per  unit-pressure 


(35) 
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This  can  be  written  for  computational  purposes  as 


t  =  -2L  t 
P  Pac 


seconds  per  unit-pressure 


If  atmospheric  pressure  p  is  expressed  In  pai  (14.7  psi)  and  the  speed  of  sound 

& 

in  water  is  taken  as  5  feet  per  millisecond,  equation  (36)  for  computational 
purposes  can  be  written  as 


t  =  LT/36.75  milliseconds  per  psi,  or 
^  seconds  per  thousand  psi 


The  results  of  computer  runs  employing  equation  (37)  are  tabulated  in  the  Appen- 


B .  Spall  Surface  Position  Versus  Tine 

Since  we  now  have  an  expression  for  real  time  t  as  a  function  of  spall 
thickness  z,  we  can  substitute  into  equation  (14)  to  find  surface  position  zg  as 
a  function  of  time;  we  obtain 

2<*P0>2 

2.  '  T2-  ■  «8> 

DC  p 


where  the  dimensionless  surface  position  Z  is  defined  by 

s 


,  ,  1  L  _  J  -2Z  *L  _  _ 

Zs  =  '2  2?"  ~  Z  +  6  '  ~  T  T 

o  o 


Since  the  surface  position  z  is  largely  proportional  to  the  square  of  the 

s 

Incident  shock  wave  pressure  pQ  (more  specifically,  proportional  to  the  square 
of  the  "vertical  component  of  pressure'  aPQ) ,  we  find  it  conveniert  to  define  a 


reduced  surface  position  z  defined  by 

sp 


sp 


-  z  / (ap  )' 
s  o 


(40) 


For  computational  purposes,  this  is 


z  =  y^jo  “  feet  per  thousand  psi  squared.  (41) 

To  deteimine  the  coefficient  of  LZg  in  equation  (41)  we  have  taken  the  density  of 
seawater  p  to  be  equal  to  2  slugs  per  cubic  foot;  and  noted  that  we  must  allow  for 
the  conversion  factor  from  psi  to  pounds  per  square  foot  if  we  want  to  express 
equation  (41)  in  terms  of  feet  per  thousand  psi  squared.  Results  of  computer  runs 
with  equation  (41)  are  tabulated  in  the  Appendix. 

C .  Spall  Velocity  Versus  Time 

To  find  an  expression  for  the  surface  velocity  Zg,  we  differentiate  equa¬ 
tion  (14)  and  obtain 


z 

8 


(42) 


where  U 

s 


is  the  dimensionless  surface  velocity  defined  by 


U  =  -  2 
s 


T 


(43) 


The  dimensionless  velocity  Ug  is  in  a  form  useful  for  computation  purposes;  it 


is  already  normalized  to  the  vertical  component  of  particle  velocity  in  the  inci¬ 
dent  shockwave.  Results  of  computer  runs  using  equation  (43)  for  the  dimension¬ 
less  or  scaled  velocity  are  tabulated  in  the  Appendix. 
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D.  Spall  Acceleration  Versus  Time 

To  find  Che  surface  acceleration  ,  we  differentiate  equation  (,42)  and 

s 

obtain 


%  *  2fT  “VdI 


(44) 


where 


dU  /dT  =  2P,G 
s  L  s 


(45) 


and  where 


G 

s 


1  _  Te 

PLZ  8P  Z 


(46) 


G  is  equal  to  z  /g,  i.e.,  it  is  the  surface  acceleration  expressed  in  "gees." 

S  <3 

Results  of  computer  runs  employing  equation  (46)  are  tabulated  in  the  Appendix. 

E.  Onset  Depth 

By  following  an  analysis  similar  to  that  leading  to  equations  (2)  and  (3) 
in  Section  II,  we  find  that  the  onset  depth  Zq  must  satisfy  the  relationship 


0  =* 


Z 

o 


1 


(47) 


If  Z  is  sufficiently  small,  the  solution  to  this  equation  is  approximately 
o 


7  ^  '  —  ' 

o  -  2P  -PT 

o  L 

F.  Termination  Depth 


(48) 


Following  the  analysis  leading  to  equation  (12)  in  Section  II,  we  find 
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that  cavitation  terminates  at  the  dimensionless  depth  expressed  by 

ZT  -  \  In  (4Pq/Pl)  (49) 

G.  Closure  Depth 

The  dimensionless  closure  depth  Z occurs  when  the  expression  in  the  brack¬ 
ets  of  equation  (39)  reaches  zero,  i.e.,  when  the  surface  position  returns  to  zero. 
This  zero  can  be  found  by  numerical  methods  on  a  digital  computer,  as  is  done  in 
the  Appendix.  In  the  strong  shock  approximation  where  Pq  is  very  large  compared 
with  PT ,  the  zero  of  equation  (39)  is  found  by  solving  the  following  simpler, 

la 

although  still  transcendental,  relationship 

22 

e  C  -  2Z  -  1  +  --  -  0  .  (50) 

C  PL 

The  relationship  indicated  In  equation  (50)  is  shown  in  figure  8,  where  Z^  is 
plotted  as  a  function  of  PL> 

Inspection  of  equation  (50)  discloses  that  when  PL  is  very  small  (i.e., 
very  short  wave  length  exponential  waves),  then  Z c  is  large  and  expressed  approxi¬ 
mately  by 

Zc  *  I  m  (2/Pl)  f0r  PL  <<:  1  ;  (51) 

whereas  when  PT  is  large  (i.e.,  long  wave  length  exponential  waves),  Z  is  small, 

L  c 

expressed  approximately  by 


for  PT  »  1 

la 


(52) 


DIMENSIONLESS  WAVELENGTH  P 


Figure  8. 
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Equations  (51)  and  (52)  are  approximations  in  terms  of  the  dimensionless  varia¬ 
bles  Z  and  P  .  Using  equations  (27)  through  (31),  we  can  rewrite  equations  (51) 

C  Li 

and  (52)  in  terms  of  the  real  closure  depth  z  and  the  real  wave  length  \  as 


~  jj-  In  (2apfl/ jgX) 


for  d&X  «  ap 


z  -  (Xp  /oga)' 
c  a 


for  pgX  »ap 


where  o  is  the  ambient  density  of  seawater;  g  is  the  acceleration  of  gravity;  p 

d 

is  atmospheric  pressure;  and  a  =  cos  a  where  ot  is  the  incident  shockwave's  angle 
of  incidence  with  tha  free  water  surface. 

H.  Closure  Time  (Strong  Shock) 

After  the  closure  depth  Z c  has  been  found  from  the  foregoing  equations, 

the  closure  time  Tc  can  be  found  by  substitution  into  equation  (34).  in  the  strong 

shock  approximation  where  P  is  very  large  compared  with  P  ,  we  have 

O  L 

-2Z 

T  -  1  -  (1  +  2Z  )  e  c  ,  (55) 

c  c 

or,  making  use  of  the  relationship  of  equation  (50X  which  holds  at  the  time  of 
closure 


Tc  "  l+P./2-i-P  Z 
L  L  c 


In  the  approximation  that  Z  is  small  (i.e.,  that  P  is  large),  we  have 

C  L 


for  P^  »  1 


(57) 
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where  ug  is  the  peak  water  velocity  at  the  free  surface  due  to  reflection  of  the 
incident  shockwave  (i.e.,  ug  is  twice  the  vertical  component  of  the  particle  vel¬ 
ocity  of  the  incident  shockwave),  described  by 


u  ■  2ap  /pc  ,  (60) 

s  o 

where  pQ/pc  is  the  peak  particle  velocity  in  the  incident  shockwave,  and  a  is  the 

cosine  of  the  angle  of  incidence  of  the  incident  shockwave.  We  note  in  equation 

(59)  that  2u  /g  is  the  time  of  flight,  under  the  action  of  gravity  alone,  of  a 
s 

particle  launched  with  velocity  u  .  Hence,  when  P  is  very  large--when  we  have  a 

S  L 

long  wavelength  incident  shockwave  and/or  when  the  angle  of  Incidence  with  the 

free  surface  is  very  large--a  good  approximation  for  the  time  of  flight  of  the 

spall  (i.e.,  the  time  at  which  cavitation  closure  occurs)  is  that  it  is  launched 

with  velocity  ug  and  is  acted  upon  by  gravity  alone;  that  is,  we  can  neglect  the 

additional  acceleration  due  to  the  atmospheric  pressure  p  acting  on  the  top  side 

& 

of  the  spall.  We  will  make  use  of  this  fact  in  Section  VI,  which  is  a  discussion 
of  the  effects  of  spall  surface  motion  in  the  generation  of  air  blast  associated 
with  an  underwater  explosion. 

When  the  scaled  closure  depth  Z  is  large  (i.e.,  when  the  dimensionless 
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wave  length  PL  is  very  small),  we  can  substitute  the  approximation  indicated  by 
equation  (51)  into  equation  (56)  and  find  for  the  dimensionless  time  of  closure  T 


pLr  1 

rc  -  1  -  ~  1  +  In  (2/P  ) 


for  P  «  1 

L 


In  terms  of  real  closure  time  t  ,  this  can  be  rewritten 

c 


-  us  [^ll1  -  -7(1  +  ln  (2/PT)l  I  for  PT  «  1  ,  (62) 


where  ug  is  the  peak  surface  velocity  as  defined  by  equation  (60).  From  equation 
(62)  we  note  that  for  very  short  wave  length  incident  shockwaves  the  pertinent 
acceleration  which  determines  the  closing  time  is  that  due  to  atmospheric  pres¬ 
sure  acting  on  the  top  side  of  the  spall,  i.e.,  the  effective  average  acceleration 
Is  2apa/Xo. 

I.  Spall  Velocity  at  Closure  Time  (Strong  Shock) 

By  substituting  from  equation  (56)  into  equation  (43),  we  find  the  dimen¬ 
sionless  spall  velocity  Uc  at  the  time  of  cavitation  closure 


0  ,  JV2  *  imc  1 
"c  ll  +  V^V.J  ' 


If  the  dimensionless  wave  length  P  is  very  large,  we  have  approximately 


u  ~  2  1  -  PT'* 

c  L 


for  P  »  1 

Li 


The  real  impact  velocity  uc  for  this  long  wave  length  approximation  is  therefore 


#.  [‘  '  V‘] 


for  P  »  1 

is 
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From  equation  (65)  we  see  that  when  the  wave  length  of  the  incident  shockwave 

Is  very  large  and/or  the  angle  of  Incidence  with  the  surface  is  large,  the  spall 

velocity  at  the  time  of  impact  is  approximately  equal  to  the  vertical  component 

of  the  peak  surface  velocity  due  to  the  incident  shockwave,  i.e.,  approximately 

equal  to  u  as  defined  by  equation  (60). 
s 

When  the  wave  length  of  the  incident  shockwave  is  very  small,  we  have  the 
approximation 
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function  of  the  horizontal  distance  x. 

In  the  usual  fashion  for  the  acoustic  approximation,  we  use  the  image 
source  at  the  altitude  d  in  order  to  account  for  surface  reflection  of  the  ex¬ 
plosion.  Following  the  approach  earlier  in  this  section,  we  must  first  find  the 
pressure  and  particle  velocity  in  the  main  shockwave  at  the  point  (x,z)  just  prior 
to  arrival  of  the  rarefaction  front.  The  rarefaction  front  then  drops  this  pres¬ 
sure  to  zero,  causing  an  additional  increment  in  particle  velocity  in  the  direc¬ 
tion  of  the  image  source  (which  is  at  altitude  d).  Then,  u(z)  is  the  vertical 
component  of  velocity  of  this  now-cavitated  particle. 

We  have  the  following  geometric  relationships 

rx2  =  x2  +  (d-z)2  =  rx2  +  z  (z-2d)  ,  (68) 

r22  -  x2  +  (d  :  z ) 2  =  rx2  +  z(z+2d)  .  (69) 


The  pressure  in  the  compression  wave  at  (x,z)  at  the  instant  just  prior  to  arrival 
of  the  rarefaction  front  is  pQ 


(70) 


where  W  is  the  weight  of  the  explosive  charge,  and  K  is  a  constant  of  proportion¬ 
ality. 

The  vertical  component  of  particle  velocity  u^v  in  the  compression  wave  at 
this  instant  is 


lv 


KW1/3|d-zi 


oc  r. 


(r2  - 


(71) 


-'.0 


The  rarefaction 
Ln  the  process, 
tion  front.  The 


fri  drops  the  pressure  p^  in  the  compression  wave  to 
inparts  an  increment  of  particle  velocity  normal  to  the 
vertical  component  of  this  increment  due  to  cavitation 


KW 


1/3 


2v 


“  rlr2 


Li i/).  -(r2  ■  r‘>/- 


zero,  and 
rarefac - 
is 

(72) 


Again  we  assume  that  cavitation  takes  place  instantly  that  is,  that  the 
propagation  time  of  the  cavitating  rarefaction  front  is  negligible  compared  with 
the  times  of  interest  in  the  spall  motion.  The  cavitation  launch  velocity  tenc- 
t ion  u(z)--whlch  we  hereafter  will  write  in  the  form  u(x,z)  to  indicate  that  it  is 
a  function  of  horizontal  distance  from  surface-zero--is  the  sum  of  equations  (71) 
and  (72) 


u(x,z) 


KV 


1/3 


lt2  -  rl>M 


per 


1 


d-z  dtz 

r2  _i 


L  rl 


(73) 


Using  equations  (68)  and  (69),  the  exponential  in  equation  (73)  can  be 
written  approximately 


e'(r2  *  Tl)/K  ~  e~2zd/rxX 


i  t  isL  f±-\ 

2  r 

r  „  \  '*/  J 


(76a) 


and  the  remainder  of  the  geometric  terms  in  equation  (73)  can  be  written  approx¬ 
imately 

-  _  _  9  - 

2 


zd/r 


/r 


(74b) 


In  terms  of  these  approximations,  equation  (73)  can  be  rewritten  as 
-2zd; 


u  (x , z  )  ~  u(x,o)e 


-“2  fi'] 


1  +  zd/r 


/rx  (75> 


In  equation  (76\  u(x,G)  is  recognized  as  the  surface  velocity  at  distance  x  from 
surface-zero  when  the  peak  pressure  relationship  is  as  described  by  equation  (70). 
From  figure  9  we  recognize  that 

d/'r^  =  cos  O'  ,  (77) 

so  that  the  dimensionless  depth  Z,  as  defined  in  equation  (28),  is 

zd/\rx  -  Z  .  (78) 

Equation  (75),  then,  indicates  that  the  earlier  derived  equations  for  spall  dyna¬ 
mics  may  give  approximately  reasonable  answers  at  depth  z  for  spherical  explosions 
provided  that  the  burst  depth  d  and  the  closure  depth  z  satisfy  the  inequalities 


i  z/r  «  1 
x 


2 

jzd/r^j  «  1 


(79a) 


(79b) 


K.  Comparison  With  Experiment 

g 

R.  R.  Waller  reported  on  a  series  of  explosion  tests  conducted  in  Chesa¬ 
peake  Bay  during  1962  by  the  Underwater  Explosions  Research  Division  of  the  David 
Taylor  Model  Basin.  The  tests  were  specifically  designed  to  gain  experimental 
information  concerning  bulk  cavitation  from  underwater  explosions.  All  of  the 


loc .  cit. 
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analytical  results  presented  here  were  not  yet  available  at  the  time  Walker  re¬ 
duced  his  data.  However,  a  preliminary,  simplified  analysis  had  been  carried  out 
so  that  there  were  available  at  that  time:  (1)  equation  (50)  above,  which  defines 
the  dimensionless  closure  depth  Z  as  a  function  of  dimensionless  wave  length  P  ; 

C  lw 

(2)  equation  (56)  above,  which  defines  the  dimensionless  closure  time  T  as  a 

c 

function  of  dimensionless  wave  length  P  and  dimensionless  closure  depth  Z  ;  and  (3) 

La  C 

equations  (47),  (48),  and  (49)  above,  which  describe  the  boundaries  of  the  cavi- 
tated  region. 

The  UERD  Chesapeake  Bay  series  consisted  of  seven  explosion  tests.  The 
charge  weight  in  each  test  was  10,000  pounds  HBX-1.  Four  of  the  charges  were 
detonated  at  a  depth  of  50  feet,  three  at  a  depth  of  100  feet;  the  water  depth  was 
approximately  150  feet. 

Walker  reports  that  the  foregoing  equations  provided  good  agreement  with 
his  experimental  data;  and  further,  that  spot  checks  with  other  data  indicated 
the  relationships  were  valid  for  a  wide  range  of  charge  sizes  and  geometries.  The 
predicted  time  of  closure  was  generally  slightly  larger  than  the  value  measured; 
this  is  ascribed  to  the  fact  that  the  foregoing  analysis  neglects  afterfiow,  which 
raises  slightly  the  level  of  the  underlying  water  so  that  the  spall  completes  its 
trajectory  and  impacts  slightly  earlier  than  it  would  if  the  underlying  water  had 
not  been  raised  by  such  afterflow. 

The  data  included  in  Walker’s  report  also  shows  agreement  with  some  of  the 
wave  shapes  of  the  secondary  pressure  waves  generated  under  water  when  the  spalled 
water  layer  Impacts  with  the  underlying  water.  These  facets  are  discussed  in  Sec¬ 


tion  V  of  this  report. 


V. 


SECONDARY  PRESSURE  WAVES  UNDER  WATER 


So  far  in  this  report,  we  have  studied  the  aspects  of  bulk  cavitation  and 
motion  and  growth  of  the  overlying  spall  which  results  when  an  underwater  shock- 
wave  is  incident  and  "reflected"  from  the  free  water  surface.  Just  prior  to  the 
instant  of  closure,  the  overlying  spall  has  downward  momentum;  at  the  instant  of 
closure  this  momentum  is  arrested,  i.  e.,  there  is  a  water  hammer- -generation  of 
secondary  pressure  waves.  In  this  section  we  will  examine  the  character  of  these 
secondary  pressure  waves  under  water. 

When  a  spherically  symmetric  explosion  takes  place  under  water,  the  main 
shockwave  is  incident  first  at  surface-zero ;  and  the  incidence  of  the  shock  front 
with  the  water  surface  progressively  moves  outward  thereafter  from  surface-zero. 

At  surface-zero,  the  main  shock  is  most  intense  and  is  incident  normal  to  the  sur¬ 
face,  so  that  the  vertical  surface  velocity  is  correspondingly  large.  At  greater 
distances  from  surface-zero,  the  intensity  of  the  shockwave  is  less  because  of  the 
greater  distance  from  the  burst  point,  and  also  the  angle  of  incidence  progres¬ 
sively  increases,  with  the  consequence  that  the  initial  vertical  surface  velocity 
is  less  as  we  recede  from  surface-zero. 

In  this  section  we  are  interested  In  the  time  of  cavitation  closure  as  a 
function  of  horizontal  distance  from  surface -zero .  When  we  take  into  account:  (1) 
the  time  of  arrival  of  the  main  shockwave  as  a  function  of  horizontal  distance 
from  surface-zero;  (2)  the  variation  in  initial  surface  velocity  as  a  function  of 
distance  from  sur face -zero--then  it  is  clear  that  cavitation  closure  does  not 
occur  simultaneously  everywhere.  Rather,  we  will  find  that  the  cavitation  closes, 
that  is,  the  water  hammer  occurs,  at  different  times  depending  on  the  distance  we 


are  from  surface-zero. 
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We  can  carry  out  a  fairly  complete  analysis,  employing  the  relationships 
for  closure  depth  and  time  of  closure  as  a  function  of  shock  wavelength  and  peak 
pressure  which  have  already  been  developed  in  earlier  sections  of  this  report. 

The  tedium  and  complication  of  such  an  analysis  does  not  lend  itself  to  generaliza¬ 
tion  for  a  report  such  as  this.  Consequently,  we  will  be  satisfied  here  with  mak¬ 
ing  certain  simplifying  approximations  in  order  to  achieve  a  generalized  analysis 
that  at  the  same  time  will  more  clearly  show  the  major  considerations.  The 
simplified  analysis  presented  here  turns  out  to  be  fairly  accurate  for  larger 
scale  explosions  or  when  the  angle  of  incidence  is  large--specif ically,  good 
agreement  with  experiment  may  be  expected  where 

P  g4 
w 

p  cos  or  »  1  ,  (80) 

& 

where  p  is  the  density  of  seawater,  g  is  the  acceleration  of  gravity,  A.  is  the 

w 

wave  length  of  the  shockwave  incident  at  the  free  water  surface,  p  is  atmospheric 
pressure,  and  or  is  the  angle  of  Incidence  that  the  incident  shockwave  makes  with 
the  free  water  surface  (see  figure  7). 

A,  Assumptions 

In  this  section,  we  assume  that:  (1)  the  pressure  disturbance  in  the  wa¬ 
ter  consists  of  a  shock  rise  with  exponential  tail-off,  and  that  this  disturbance 
propagates  with  the  speed  of  sound  in  water  c^;  (2)  the  peak  pressure  disturbance 
Pq  at  the  shock  front  is  of  the  form  KW^^/r;  and,  (3)  once  the  spall  is  separated 
from  the  underlying  water,  the  force  of  gravity  is  the  only  significant  force. 

Tne  first  assumption  above  provides 

p  =  p  exp  -  (t  +  r/c  )/" 
o  .  w 


(81) 
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where  r  is  the  radius  from  the  burst  point,  and  where  t  is  the  characteristic 
time  of  the  exponential  wave.  In  the  acoustic  approximation,  the  wave  length 
X  of  the  exponential  wave  is  related  to  the  characteristic  time  by 

X  =  c  t  .  (82) 

w 

The  second  assumption  above  indicates  that  we  are  neglecting  the.  super¬ 
sonic  effects  of  the  shockwave  close-in  to  the  underwater  explosion.  The  second 
assumption  provides 


Pq  =  KW1/3/r 


(83) 


where  K  is  a  constant  of  proportionality  and  W  is  the  weight  of  the  explosive 

* 

charge.  For  the  value  of  K,  we  use  here 


K  = 


2.28  x  106 


(84) 


The  third  assumption  above  is  valid,  as  we  saw  from  the  considerations  in 
Section  V,  provided  the  inequality  (80)  holds. 

Figure  10  shows  the  geometry  for  the  analysis  in  this  section.  The  origin 
of  the  cylindrical  coordinates  (x,z)  is  at  surface-zero.  The  coordinate  x  is  the 
horizontal  distance  from  the  vertical  axis;  the  coordinate  z  is  measured  verti¬ 
cally  downward  from  surface-zero.  The  explosive  charge  of  weight  W  is  burst  at  a 


This  corresponds  with  the  assumption  that  a  one  pound  charge  of  HE 


produ  es--in  the  acoustic  approximation- -a  pressure  of  2.28  x 
square  foot  at  a  distance  one  foot  from  the  source. 


10°  pounds  per 
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depth  d.  At  the  point  at  surface-zero  described  by  (x,0)  the  main  shockwave 
from  the  underwater  explosion  makes  an  angle  of  incidence  or. 

B.  Main  Shock  Arrival  Time 

The  main  shock  front  from  the  underwater  explosion  arrives  at  the  surface 
at  the  radius  x  at  the  time  t^  expressed  by 

4  ■  r/c„  <85> 

This  can  be  rewritten  in  terms  of  the  dimensionless  time  T  and  the  dimensionless 
distance  X  as 

2  * 

Tx  *  (1  +  X^)  ;  (86) 

X  5  x/d  ;  (87) 


where 


T1=t1/to  ;  (88) 

t  s  d/c  .  (89) 

o  w 

From  equation  (87)  we  see  that  we  are  normalizing  distances  relative  to  the  ex¬ 
plosion's  depth  of  burst  d;  and  from  equations  (88)  and  (89)  we  are  normalizing 
times  relative  to  tQ,  which  is  the  time  at  which  the  explosion's  shock  front  first 
reaches  (in  the  acoustic  approximation)  surface-zero.  The  shock  front  arrival 
time  Tj  is  plotted  as  a  function  of  the  dimensionless  horizontal  distance  X  in 
figure  11. 

We  emphasize  that  the  dimensionless  time  T  as  used  in  this  3-dimensional 
analysis  is  normalized  differently  from  the  dimensionless  time  T  employed  in 
Section  IV. 


Actually,  because  of  circular  symmetry,  this  is  a  circular  ring. 
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C.  Spall  Launch  Velocity 

When  the  underwater  shock  front  arrives  at  the  water  surface,  a  spall  is 
formed  and  is  launched  upward  with  a  velocity  twice  the  vertical  component  of  the 
particle  velocity  in  the  incident  shockwave Qsee  the  discussion  leading  to  equa¬ 
tion  (60)  inSection  XV)J ,  that  is,  the  water  spall  is  launched  upward  with  «*  vel¬ 
ocity  ug  described  by 

u  *  2KW1/3d/o  c  r2  ,  (90) 

s  w  w 

where  p^c^  is  the  specific  acoustic  impedance  for  water,  and  where  we  have  made 
use  of  equation  (83). 

D.  Spall  Flight  Duration 

Under  our  assumption  of  a  ballistic  trajectory  for  the  water  spall  (and, 
ignoring  the  column  or  blow-out  due  to  the  bubble,  which  may  be  significant  near 
surface-zero),  the  spall  will  return  to  its  original  position  (i.e.,  the  spall 
will  close)  after  a  time  interval  tg  expressed  by 

t  -  t  /(I  +  X2)  (91) 

s  so 

where 

t.0  "  2uo/g  <92) 

and  where 

u  »  2KW1/3/p  c  d  .  (93) 

o  w  w 

In  the  above  expressions,  u^  is  the  initial  spall  velocity  at  surface -zero ,  and 

t  is  the  spall  flight  time  at  surface-zero.  If  we  normalize  equation  (91)  rela- 
so 
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(100) 


SCALED  BURST  DEPTH.  A 
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F.  Radius  and  Time  of  First  Closure 

The  spall  does  not  close  (l.e.,  return  to  its  original  position)  simultan¬ 
eously  for  all  values  of  horizontal  distance  X.  To  find  the  dimensionless  dis¬ 
tance  X^  where  the  spall  first  closes,  we  set  the  derivative  of  Tc  equal  to  zero 
in  equation  (101)  and  find 


r  2/3 

1  (2  T  ) 

L  80 


(102) 


The  time  T  ,  of  first  spall  closure  is 
Cl 


I  (2  T  )1/3 


(103) 


The  radius  of  first  closure  X  ,  is  plotted  as  a  function  of  dimensionless 

c  i 

time  T  in  figure  13.  We  see  that  cavitation  closure  first  occurs  at  surface- 
80 

zero  geometries  typified  by  a  T  less  than  or  equal  to  0.5.  In  figure  11,  T  is 

so  c 

plotted  as  a  function  of  x  for  charge  weights  of  10  pounds  and  10  kilotons--each 


burst  at  the  scaled  depth  of  0.5.  In  that  graph  ve  see  that,  in  terms  of  cube 
root  scaling,  the  small  charge  takes  considerably  longer  for  its  spall,  or  cavitation, 


to  close  then  does  the  very  large  charge. 


- - 

Table  I. 

X,  -  0.5 
d 

Charge  Weight 

T 

so 

Xcl 

Tcl 

10  pounds 

260,000 

80 

120 

10  kilotons 

2,080 

16 

24 

Table  I  provides  examples  of  the  values  of  the  characteristic  time  T  ,  and  the 

so 


t-nrHtia  and  tiuv  Z  Z ire  1  -«vl  ♦■a*- ’  •>«  r1^.. 


V  and  X 
Cl  Cl 


'ft 

Since  both  the  time  and  distance  are  cube  root  scaled  in  the  same 
fashion,  the  dimensionless  variables  plotted  in  figure  10  show  the  correct 
relationship . 
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G.  Travelling  Closure  Point 

The  cavitation  first  closes  at  the  radius  X  ,  at  time  T  , ,  as  described 

cl  cl 

above.  Thereafter,  as  described  by  equation  (101),  for  each  value  of  dimension¬ 
less  closure  time  T  there  are  two  values  of  dimensionless  distance  X.  In  other 

c 

words,  for  each  Tc  greater  than  T  the  cavitation  is  just  closing  at  two  dif¬ 
ferent  values  of  horizontal  distance  X--and  as  shown  in  figure  14,  one  of  the  X 

values  is  greater  than  X  , ,  while  the  second  value  of  X  is  less  than  X  , 

cl  c  1  • 

As  described  by  equation  (101),  then,  the  closure  points  X  are  a  function 
of  the  time  Tc<  The  dimensionless  velocity  with  which  these  two  closure  points 
move--one  moves  radially  inward  while  the  other  moves  radially  outward--are  given 
by 


M  2  dX/dT 
c  c 


(106) 


_ (1  +  X2) 

X  [a  +  x2)  3/2-2  Tso] 


(107) 


The  dimensionless  velocity  H  defined  by  equation  (106)  is,  it  turns  out,  equal 

c 

to  vfte  rnach  number  at  which  the  closure  po<nt  is  moving,  i.e.,  it  is  the  velocity 
at  which  the  closure  point  is  moving  divided  by  the  speed  of  sound  in  water.  In¬ 
spection  of  equation  (107)  shows  that  the  outward  traveling  closure  point  is  al¬ 
ways  traveling  supersonically  and  asymptotically  approaches  mach  1.  The  inward 
traveling  closure  point  is  traveling  at  a  very  large  mach  number  (a  negative  mach 
number  in  equation  (107)  implies  that  the  closure  point  is  the  inward  traveling 


DIMENSIONLESS  TIME  Tso 


DIMENSIONLESS  TIME  Tso 
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one)  at  or  near  the  point  of  first  closure  and  progressively  decreases  In 

magnitude . 

For  certain  explosion  configurations- -that  is,  for  certain  values  of  the 
dimensionless  time  TgQ  defined  by  equation  (96)--this  closure  mach  number  Mc  can 
fall  to  a  magnitude  of  unity  and  less. 

For  later  discussion  in  this  section,  we  will  find  that  the  horizontal  dis¬ 
tance  X  where  the  closure  mach  number  M  reaches  the  value  -1  is  the  place  where 

c  r 

the  secondary  water  hammer  waves  due  to  closure  are  extremely  intense.  In  figure 

13,  we  plot  the  values  of  X  .  as  a  function  of  the  dimensionless  time  T  where 

- 1  so 

the  inward  traveling  closure  mach  number  has  a  magnitude  of  1.  From  that  curve, 

it  is  evident  that  for  each  burst  configuration,  for  which  TgQ  is  typified  by  a 

value  of  2  or  greater,  there  is  a  nu-’ch  1  closure:  (1)  very  close  to  surface-zero; 

and,  (2)  at  a  distance  somewhat  less  than  X  , ,  the  radius  of  first  closure.  For 

ci 

most  explosion  configurations  of  interest  the  second  mach  1  closure  radius  is  approxi¬ 
mately  eighty  percent  of  the  radius  of  first  closure. 

H.  Generation  of  Secondary  Pressure  Waves  Underwater 

With  reference  to  figure  15  we  can  investigate  the  character  of  the  sec¬ 
ondary  pressure  wave  or  water  hammer  wave  generated  by  the  progressive  impacting 
of  the  spall,  i.e.,  by  the  progressive  closure  of  the  cavitation.  We  assume  that 

closure  takes  place  at  a  depth  z  .  and  that  the  impact  velocity  of  the  spall  is  u  . 

c  c 

When  the  spall  impacts  the  underlying  quiescent  water,  the  required  matching  of 
particle  velocity  at  the  interface  indicates  that  the  particle  velocity  in  the 
spall  falls  to  uc/2,  as  indicated  in  figure  15.  The  pressure  front  of  the  sec¬ 
ondary  wave  generated  by  this  progressive  point  of  closure  is  the  mach  wave.  If 
the  velocity  of  the  progressive  closure  point  is  v  (and  we  will  henceforth  neglect 
the  minus  sign  for  the  velocity,  since  we  are  principally  concerned  with  the 


SPALL 


UNDERLYING  WATER 


Figure  14.  Geometry  showing  surfece  spell  thet  has  closed  along  the  line  extending 
frosi  Xi  to  XD.  The  spall  first  Impacted  at  the  radius  Xc i ;  thereafter,  the  spall 
closure  point  travels  in  both  dlrecticms--radially  outward  and  radially  Inward. 


SURFACE  OF  SPALL  WATER  SURFACE 
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Figure  15.  Water-hammer  Mach  wave  due  to  the  inward  traveling  closure  point. 
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From  equation  (112)  we  see  that  at  the  point  of  first  closure,  where  the 
mach  number  is  indefinitely  large,  the  hammer  pressure  p  generated  at  the  time  of 
cavitation  closure  has  the  magnitude  p^c^u^/2,  where  uc  (see  Section  IV,  equation 
63  et  seq)  is  the  velocity  of  the  spall  at  the  time  of  cavitation  closure.  We 
also  see  that  the  hammer  pressure  pn  becomes  indefinitely  large  at  the  radius  X  ^ 
where  the  mach  number  Mc  of  the  closure  point  falls  to  a  magnitude  of  unity. 


60 


J.  Secondary  Wave  Duration 

From  figure  15  we  see  Chat  the  upward  traveling  mach  wave  reflects  from 
the  free  surface.  After  this  reflection,  the  vertical  component  of  particle  vel¬ 
ocity  of  the  (erstwhile)  spall  is  finally  reduced  to  zero.  The  surface  reflected 


wave  will  reach  the  closure  depth  z£  at  a  time  after  closure  expressed  by 


(113) 


If  a  pressure  sensor  Is  located  at  a  depth  or  greater,  the  duration  of  the 
(flat  topped)  water  hammer  pressure  p^  is  equal  to  t^Q.  If  the  sensor  is  at  a 
depth  less  than  zc,  the  duration  is  proportional  to  depth.  In  other  words,  the 
water  hammer  pressure  duration  t  is 

2z  (M  2  -  1)* 

cn  ’  "c'm -  for  z  s  2c  (U4) 


It  (Mc2  -  1)* 


for  z  s;  z 


(115) 


In  an  experimental  situation,  gages  are  placed  along  a  string  at  various 
depths  z.  Observing  among  these  gages  the  relative  times  of  first  arrival  of  the 
secondary  pressure  wave,  and  also  observing  the  duration  of  the  secondary  pres¬ 
sure  pulse,  offers  a  means  of  establishing  the  depth  z£  at  which  cavitation  clos¬ 
ure  occurs.  Such  variable  duration,  flat-topped  pressure  pulses  can  be  seen  in 

,  o 

the  bulk  cavitation  experimental  data  Included  in  Walker  s  report. 


K. 


Secondary  Wave  Impulse 


1 1 


The  impulse  I  in  the  secondary  pressure  wave  is  given  by 


I 

n 


P 


t 

n  n 


(116) 


The  value  of  the  impulse  is 


DZ  U 

for  z  £  z 

(117) 

c  c 

c 

pzu 

C 

for  z  ^  z 

c 

(118) 

For  depths  below  the  closure  depth  z^,  the  impulse  I  is  seen  from  equation 


(117)  to  be  simply  the  impacting  spall's  momentum  per  unit  area. 

The  region  most  important  for  the  generation  of  intense  secondary  pressure 
waves  is  the  region  contained  within  the  radius  of  first  impact  Xcl,  that  is,  the 

radius  at  which  cavitation  first  closes.  The  reason  for  this  is  twofold; 

(1)  the  spall  closure  velocity  U£  can  be  quite  large  within  this  region;  and  (2) 

the  closure  mach  number  M  can,  with  explosions  configurations  of  interest,  reach 

c 

a  magnitude  of  1  with  the  consequent  pressure  "amplification"  described  by 
equation  (112).  Beyond  the  radius  of  first  cavitation  closure,  the  closure  point 
asymptotically  approaches  a  mach  number  of  1,  that  is,  this  pressure  "amplifica¬ 
tion"  is  achieved  only  at  very  large  distances  from  surface-zero.  But,  at 
these  very  large  distanres  the  spall  closure  velocity  uc  is  quite  small. 

L.  Example 

To  demonstrate  the  use  of  information  developed  in  Sections  IV  and  V,  let 
us  consider  a  10  kiloton  explosion  burst  at  a  depth  of  150  feet.  We  seek  to 
deterra*  ne : 


(1)  The  radius  x  ,  where  cavitation  closure  first  takes  place; 

cl 

(2)  The  time  t  .  when  cavitation  first  closes; 

c  1 
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(3)  The  radius  x  ^  where  the  closure  velocity  reaches  mach  1,  i.e., 

where  the  pressure  wave  due  to  cavitation  closure  is  most  intense. 
Using  equation  (89),  we  find  that,  in  the  acoustic  approximation,  the  shock 
front  first  reaches  surface-zero  at  the  time  tQ  given  by 

t  =  150/5000  =  0.030  seconds, 
o 

To  compute  the  dimensionless  time  Tgo  in  equation  (96)  when  the  charge  weight  W  is 
expressed  in  kilotons,  the  constant  K  [see  equation  (84)]  is 

K  =  2.88  x  108 

We  then  find  from  equation  (96)  that  the  dimensionless  time  T  is 

so 

T  =  1700 
so 

From  equation  (102)  we  find  that  the  cavitation  first  closes  at  the 
dimensionless  radius  given  by 

X  .  =  1(3400) 2 -ljl/2  =  15 
c  1 


and  from  equation  (103)  we  find  that  the  spall  first  closes  at  the  dimensionless 

time  T  . 
cl 

T  ,  =  22.5 
cl 

The  actual  radius  of  first  cavitation  closure,  x  . ,  is 

C  I 

x  ,  =  (150) (15)  =  2,250  feet 
c  i 

and  the  actual  time  of  first  cavitation  closure,  t  .,  is 

C  I 

t  ,  =  (0.030) (22.5)  =  0.675  seconds  . 
c  1 

These  values  of  closure  radius  and  time  have  been  determined  under  the 
assumption  that  atmospheric  pressure  is  regligible  compared  with  the  gravitational 
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body  fores  acting  on  the  spall.  In  the  language  of  Section  IV,  this  approximation 

is  good  provided  the  dimensionless  wavelength  P  is  very  large  compared  with  unity, 

Li 

In  the  present  example,  we  shall  see  in  a  moment  that  P  is  50  at  the  above- 

la 

computed  radius  x^.  From  equation  (59),  we  see  that  our  above -computed  value  of 
T  ,  as  a  second  approximation,  should  be  multiplied  by  (1  -  2P  *);  in  this 

SO  L 

instance,  our  ah^ve-computed  value  of  Tsq  should  therefore  be  multiplied  by  0,72. 

Thus,  as  second  approximations,  we  have 

T  =  1230  ; 

so 

x  =  2000  feet  ; 

cl 

t  ,  *  0.6  seconds 
cl 

The  radius  x  ^  at  which  the  cavitation  is  closing  at  math  1,  and  where  the 

secondary  pressure  due  to  closure  is  a  maximum  is,  for  this  size  explosion,  about 

80  percent  of  the  radius  of  first  closure,  i.e.,  we  have 

X  ,  =  1600  feet 
-  1 

At  the  radius  of  2,000  feet  from  surface-zero,  the  angle  of  incidence  or  is 

cr  =  arccos  (0,07) 

The  wavelength  X.  for  the  exponential  wave  is  approximately  expressed  by 

1/3 

-  53.5  W  '  -  115  feet  , 

so  that  the  modified  wavelength  I.,  employing  equation  (27),  is 

L  ■  A/cos  a  =»  1,650  feet  , 

and  the  dimensionless  wavelength  P  ,  using  equation  (30),  is 

P  -  50 

la 

To  find  the  dimensionless  closure  depth Z^,  we  employ  equation  (50),  which  is 
plotted  in  figure  8.  We  findZ^  to  be 

2  -  0.135 


T 


-j,' *  j •  V \ ^ K,[ v *^7  WSSB'.WSr 
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The  actual  depth  cf  c loanee  z  la 

c 

,:  -  (1,6.60)  (0.135)  -  220  feet 

c 

From  equation  (83)  we  find  the  peak  pressure  ,i  in  the  incident  shockwave 
at  the  2,000  foot  radius  is 

o  =  2,000  psi  , 

o 

and  tne  peas*.  surface  velocity  is 

2pp 

u(x  . ,oV  =  -  cos  o=4  feet/second 

cl'  Oc 

The  dimensionless  depth  of  onset  2  is,  using  equation  (48) 

i  V 

;  Z  =  0.0045 

I  ° 

i  so  that  the  actual  depth  of  cavitation  onset  z  is 

I 

!  r  =  7.43  feet 

o 

If  we  are  interested  in  the  dynamics  of  the  spall  motion,  we  can  use  the 
results  tabulated  in  the  Appendix.  On  page  45  of  the  Appendix,  the  pertinent 
variables  have  been  tabulated  for  a  wavelength  of  1,333  feet;  on  page  46,  they 
have  been  tabulated  for  a  wavelength  of  1,778  feet.  The  modified  wavelength  L  for 
our  situation  at  2,000  feet  from  surface-zero  has  been  seen  above  to  be  L  =  1,650 
feet.  As  an  approximation,  let  us  use  the  data  on  page  46  of  the  Appendix.  The 
peak  pressure,  as  we  have  computed  above,  is  2,000  psi.  In  order  to  use  the 
tables  in  the  Appendix,  we  must  compute  [see  equations  (35),  (38),  (42) ]  the 
"vertical  component  of  pressure,"  i.e .  we  need  to  know  pv 

i 

Pv  =*  pQ  cos  Of  =  140  psi  =  0.14  Kpsi 

From  page  46  of  the  Appendix,  we  see  that  the  maximum  surface  excursion  z  is 

max 

z  =  8.94  (0.14)2  =  0.175  feet 
max 

Also  fr cm  page  46  of  the  Appendix,  we  note  that  the  closure  depth  Is  231  feet,  in 
good  agreement  with  the  value  we  have  computed  above--recalling  that  our  actual 
modified  wavelength  is  1,650,  whereas  the  table  we  are  using  has  a  modified 
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wavelength  of  1,778  feet.  Next,  from  the  Information  on  page  46  of  the  Appendix, 

we  find  that  closure  takes  place  t  seconds  after  arrival  of  the  incident  shock- 

c 

wave,  where  t  is 

c 

t  =  (1.38)  (0.14)  *  0.19  seconds, 
c 

Since  the  incident  shockwave  arrives  at  the  2,000  foot  horizontal  distance  at  about 

0.4  seconds  after  initiation  of  the  explosion,  we  see  that  our  above-described 

value  of  t  *  0.19  seconds  is  in  agreement  with  the  value  of  t  ,  of  0.6  seconds 
c  cl 

computed  earlier. 

It  is  to  be  noted  that  a  spall  which  is  launched  at  4  feet  per  second  will 

complete  its  erajectory  at  approximately  0.25  seconds  if  it  is  acted  upon  by  gravity 

alone.  The  above  computed  value  for  flight  time  of  0.19  seconds  indicates  that,  at 

this  modified  wavelength  of  1778  feet,  the  average  acceleration  acting  on  the  spall 

is  somewhat  greater  than  one  g.  In  our  earlier  calculation  of  spall  closure  time-- 

including  the  transit  time  for  the  incident  shockwave,  we  corrected  for  this 

increased  average  effective  acceleration  when  we  multiplied  by  the  factor  (1  -  2P  ”^). 

L 

In  the  remainder  of  the  table  on  page  46  of  the  Appendix,  we  see  that  the 
time  in  the  first  column  has  been  normalized  relative  to  the  closure  time- -computed 
above  to  be  190  milliseconds.  The  spall  thickness  as  a  function  of  time,  shown  in 
the  second  column,  is  normalized  to  the  closure  depth  of  231  feet.  The  surface 
position  as  a  function  of  time,  shown  in  the  third  column,  is  normalized  relative 
to  the  maximum  surface  excursion--computed  above  to  be  0.175  feet.  The  surface 
velocity  as  a  function  of  time,  shown  in  the  fourth  column,  is  normalized  to  the 
vertical  component  of  particle  velocity  in  the  incident  shockwave- -computed  above 
to  be  2  feet/second  (note:  4  feet/second  is  the  initial  surface  velocity--equal 
to  twice  the  vertical  component  of  particle  velocity  in  the  Incident  shockwave). 

The  surface  acceleration  as  a  function  of  time,  shown  in  the  fifth  column,  has 
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been  normalized  relative  to  the  acceleration  of  gravity,  32.2  feet  per  second. 

The  lower  cavity  boundary  as  a  function  of  time,  shown  in  the  sixth  column,  has 
been  normalized  relative  to  the  closure  depth  of  231  feet. 

The  computations  tabulated  in  the  Appendix  have  been  carried  out  in  the 
high  pressure  limit  analys is--that  is,  we  have  assumed  that  the  peak  pressure 
in  the  incident  shockwave  is  large  compared  with  pg\,  and  large  compared  with 
atmospheric  pressure.  With  these  assumptions,  the  onset  of  cavitation  takes  place 
at  zero  depth.  During  these  initial  stages,  the  spall  is  of  infinitesimal  thick¬ 
ness  so  that  the  body  force  due  to  gravity  acting  on  it  is  negligible  compared 
with  the  finite  atmospheric  pressure  acting  on  the  topside.  Accordingly,  when  the 
spall  thickness  is  virtually  zero,  the  acceleration  of  the  spall  is  unbounded,  as 
indicated  in  the  fifth  column. 

We  have  already  calculated  in  our  example  that  cavitation  sets  in  at  a 
depth  of  7.43  feet.  The  dimensionless  depth  of  onset,  normalized  to  the  closure 
depth  of  220  feet  is  0.0338.  Hence,  the  data  contained  on  page  46  of  the  Appendix 
would  be  considered  credible  only  after  the  spall  thickness  has  achieved  this  vrlue. 
For  example,  from  page  46  of  the  Appendix,  we  would  expect  surface  acceleration 
initially  observed  to  be  in  the  neighborhood  of  4  geos. 

At  this  very  early  time,  the  final  column  on  page  46  of  the  Appendix  would 
indicate  that  the  lower  cavity  boundary  ts  at  a  normalized  depth  of  26,  or  an  actual 
depth  of  about  6,000  feet.  Since  the  radius  fr:>m  the  burst  point  Is  2,000  feet,  the 
Indicated  lower  cavity  boundary  of  6,000  feet  would  assuredly  r.ot  satisfy  the 
requirement  that  [see  equation  (79)]  the  quantity  (z/r^)  be  small  compared  with 
unity.  Hence,  at  these  early  times  the  plane  wave  spall  dynamic  analysis  cannot 
b*  used  as  an  approximation  in  describing  the  dynamics  of  the  lower  cavity  boundary. 
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VI.  EFFECTS  ON  AIR  BLAST 

Pittman***  describes  the  air  blast  from  underwater  explosions  in  a  set  of 
experimental  programs  where  the  explosive  yield  ranged  from  8.6  to  10,000  pounds. 
He  further  compares  these  HBX  shots  with  data  from  nuclear  underwater  shots  Baker 
(Operation  Crossroads)  and  Umbrella  (Operation  Hardtack). 

The  indication  is  that  cube  root  scaling  holds  over  the  range  of  HE  charge 
weights  used;  however,  attempts  to  extend  cube  root  scaling  into  the  kiloton  range 
were  not  successful:  Umbrella  produced  lower  than  predicted  air  blast  pressures, 
while  Baker  yielded  higher  than  predicted  air  blast  pressures. 

Pittman  has  identified  three  principal  air  blast  pulses  (see  figures  22 
and  23):  (1)  the  direct,  ray-acoustic  pulse,  denoted  as  the  pulse;  (2)  a 
pressure  pulse  diffracted  into  the  air  from  the  neighborhood  of  surface-zero, 
denoted  as  the  P ^  pulse;  and  (3)  a  pressure  pulse  generated  in  the  neighborhood  of 
surface-zero  by  the  water  column  or  blow-out  of  the  bubble,  denoted  as  the  P^ 
pulse.  The  first  two  pulses  would  appear  to  arise  from  a  common  mechanism, 
namely,  motion  of  the  boundary,  i.e.,  motion  of  the  water  surface.  In  this 
section,  we  will  concentrate  on  blast  waves  in  the  air  due  to  this  mechanism,  that 
is,  we  shall  concentrate  on  the  mechanisms  for  production  of  the  P^  and  P^  pulses. 

These  two  pulses  in  many  ways  are  similar  to  the  two  air-pressure  pulses 
shown  in  the  „ork  of  Towne  and  Arons**,.  The  magnitude  and  arrival  time  of  the  P^ 
pulse  in  the  air  is  correctly  described  by  their  acoustic  analysis;  however,  the 

***J.  F.  Pittman,  "Air  Bt^st  from  Shallow  Underwater  HBX-1  Explosions  (U)," 
Naval  Ordnance  Laboratory  Report  68-45,  April  3,  1968. 

**D.  H.  Towne  and  A.  B.  Arons,  "On  the  Acoustical  Theory  of  Transmission 
of  a  Spherical  Blast  Wave  from  Water  to  Air,"  Woods  Hole  Oceanographic  Institution 
Reference  No.  56-61,  August,  1956. 
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size  (i.e.,  the  impulse)  of  the  P^  pulse  in  their  acoustic  analysis  is  decidedly 
too  small  (perhaps  by  as  much  as  1  or  2  orders  of  magnitude)  for  most  explosion 
configurations  of  interest.  The  analysis  in  this  section  would  seem  to  indicate 
that  the  acoustic  boundary  conditions  used  by  Towne  and  Arons  are  responsible  for 
the  unrealistically  small  size  of  the  pulse  which  they  obtain. 

The  acoustic  boundary  condition  implies  a  linear  stress-strain  relationship 
in  the  water.  For  shockwave  profiles  typical  of  underwater  explosions,  the  acoustic 
boundary  condition  consequently  requires  the  production  of  unrealistically  large 
tensile  stresses  beneath  the  water  surface.  From  the  foregoing  sections,  we  know' 
that  the  air/water  interface  does  not  move  in  accord  with  the  acoustic  boundary 
conditions  when  forced  by  an  underwater  explosion;  rather,  a  layer  of  the  water 
surface  spalls  upward,  leaving  a  low  density  or  cavitated  region  underneath. 

A  thorough  analysis  of  the  air  blast  wave  produced  by  motion  of  the  water 
surface  requires  a  diffraction  analysis,  which  is  beyond  the  scope  of  this  bulk 
cavitation  endeavor.  However,  if  for  the  present  we  limit  ourselves  to  air  blast 
waves  at  or  very  near  to  the  water  surface,  we  are  able  to  obtain  results--taking 
bulk  cavitation  into  account--that  agree  with  the  air  blast  signatures  at  low 
altitude,  as  described  in  Pittman's  report. 

In  describing  air  blast  from  an  underwater  explosion  using  the  acoustic 

12 

approximation,  Towne  and  Arons 

(1)  used  the  classical  wave  equation  in  the  water  and  also  in  the 
overlying  air; 

(2)  at  the  interface--that  is,  the  water  surface--required  that  the  wave 
equation  solutions  in  the  air  and  in  the  water  match  in  pressure  and 
in  normal  component  of  particle  velocity;  and 
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(3)  assumed  a  wave  shape  from  an  underwater  explosion  which  consists  of 

a  shock  rise  to  peak  pressure  p  followed  by  an  exponential  tailoff 

o 

with  time  constant  t  (or  wavelength  a.  =  c  r,  where  c  is  the 

w  w 

speed  of  sound  in  water). 

A.  Spalled  Interface 

Since  the  solution  to  the  wave  equation  in  the  air  is  determined  com¬ 
pletely  by  the  boundary  conditions,  it  is  instructive  to  notice  the  difference  in 
boundary  motion  for  (1)  the  already  analyzed  acoustic  interface  assumption,  and 
(2)  the  spalled  interface  assumption.  Figures  16  and  17  show  the  characteristic 
velocity-time  behavior  for  the  acoustic  interface  and  for  the  spalled  interface. 

Figure  16  shows  that  in  the  acoustic  interface  the  peak  surface  velocity  is  u  , 

3 

where  ug  is  twice  the  vertical  component  of  particle  velocity  at  the  front  of  the 
underwater  shockwave  as  it  reaches  the  point  in  question  on  the  surface.  The  time 
constant  (i.e.,  the  time  it  takes  for  the  peak  surface  velocity  to  fall  to  1/e  of 
its  peak  value)  is  equal  to  t. 

Spalled  water  surface  motion  is  shown  in  figure  17.  The  initial  surface 

velocity  is  again  u  ;  but  now  it  takes  much  more  time  for  the  surface  position  to 

s 

return  to  zero.  As  we  have  discussed,  a  good  approximation  (especially  when 
Inequality  (80)  is  satisfied)  is  that  the  spalled  water  surface  falls  back  to  its 
starting  point  under  the  action  of  gravity  alone;  under  this  assumption,  the 
duration  of  the  surface  motion  is  the  order  of  2u  /g.  A  somewhat  better  approxi- 
mation  is  that  the  spalled  water  surface  is  forced  back  downward  auditionally  by 
the  overlying  atmospheric  pressure.  With  this  taken  into  account,  the  spalled 
surface  decelerates  initially  at  a  value  greater  than  g  (see  the  tabulations  for 
short  wavelength  in  the  Appendix).  This  is  shown  by  the  dotted  curve  in  figure  17. 
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Figure  16.  Velocity- time  behavior  for  an  acoustic  interface. 
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Both  the  acoustic  Interface  and  the  spalled  Interface  produce  the  same 

Initial  value  of  surface  velocity,  namely  u  ,  as  indicated  In  figures  16  and  17, 

s 

and  described  in  equation  (90).  For  this  reason,  the  spalled  interface  assumption 
will  yield  the  same  peak  value  for  the  wave  as  that  obtained  by  the  acoustic 
approximation,  in  agreement  with  the  data  produced  and  discussed  by  Pittman. 

The  P^  air  blast  pulse  discussed  by  Pittman--that  is,  the  pressure  wave 
diffracted  into  the  air  due  to  surface  motion  in  the  neighborhood  of  surface-zero-- 
will  have  inordinately  larger  magnitude  for  the  long-duration  N-wave  surface  motion 
typified  by  figure  17  when  compared  with  the  P wave  produced  by  the  very  short 
duration--relatively  impuls ive--motion  typified  by  figure  16. 

B.  Highlights  of  Towne  and  Arons'  Analysis 

Figure  18  shows  the  geometry  of  the  air  blast  problem.  A  charge  of 
weight  W  is  burst  at  a  depth  d  below  the  water  surface.  We  are  interested  in  des¬ 
cribing  the  pressure-time  curve  for  the  air  blast  at  the  point  (x,z).  Because  of 
assumed  symmetry  about  the  vertical  passing  through  the  charge,  the  coordinate  x 
is  the  horizontal  radius  from  surface-zero,  while  the  coordinate-z  is  the  altitude 
above  the  (undisturbed)  water  surface. 

Figure  19  shows  Towne  and  Arons’  pressure  versus  time  curve  in  air  at  the 
water  surface  for  a  charge  which  is  burst  at  the  dimensionless  depth  T  of  0.5;  and 
for  angles  of  a  (see  figure  18)  of  15°  and  60°.  The  dimensionless  depth  T,  is 
measured  in  wavelengths  of  the  assumed  exponential  underwater  shockwave;  in  other 
word  8 


T|  ■  d/c  t 

w 


(119) 


where  d  is  the  depth  of  burst;  cw  is  the  speed  of  sound  in  water;  and  r  is  the 
time  constant  of  the  pressure  wave  in  the  water,  assumed  to  be  of  the  form 


p  -  PQ  exp[-(t  -  r/cw)/r] 


(120) 


Figure  19.  Pressure  versus  time  curves--derived  by  Towne  and  Arons,  assuming  an  acoustic  interface  behavior 
--at  an  altitude  of  zero,  dimensionless  burst  depth  7]  =  0.5,  and  various  values  of  a.  The  first  arrival  occurs 
at  the  time  tj;  the  pressure  at  this  front  is  p(tj).  For  larger  distances  from  surface-zero  (»  =  60°),  a  second 
wave- -the  ?2  wave  begins  to  be  discernible  as  distinct  from  the  first  arrival  wave,  the  Pt  wave.  Nearer 
surface-zero  («  ■  15°),  the  Pi  wave  and  the  P?  wa  »e  tend  to-  coalesce. 
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Both  pressure-time  curves  In  figure  19  are  normalized  relative  to  the  first  arrival 
pressure  front  p(t^),  which  arrives  at  time  tj. 

Figure  20  shows  Towne  and  Arons'  pressure  versus  time  curves  in  the  air  at 
the  surface  for  0i  *  60°,  and  for  various  values  of  burst  depth  T,. 

From  figure  20  we  see  that  as  the  burst  depth  T|  becomes  sufficiently  deep, 
the  incident  shockwave  in  the  water  approaches  that  of  a  plane  wave  as  it  nears 
the  surface,  and  therefore  the  pressure-time  curve  in  the  air  approaches 
-(t-t^/r 

e  ,  i.e.,  approaches  the  wave  shape  of  the  pressure  disturbance  in  the 

water.  For  small  values  of  dimensionless  burst  depth  T]  we  discern  that  the  over¬ 
all  pressure  wave  in  the  air  takes  on  the  aspect  of  two  pulses,  which  can  be 
identified  with  the  P,  and  P„  pulse  described  by  Pittman.  In  figure  20  we  see 

1  L 

the  Pj  wave  is  essentially  the  first  arrival  wave,  while  the  P2  wave  arrives 
somewhat  later.  In  figure  19,  for  the  curve  corresponding  to  a  =  15°  (i.e,,  a 
location  on  the  surface  rather  near  surface-zero),  we  see  that  the  Pj  wave  and 
the  P^  wave  tend  to  coalesce  . 

As  we  retreat  further  from  sur face-zero--that  is,  as  a?-»  90°  --we  find 
from  Towne  and  Arons13  that: 

(1)  The  secondary  pulse  P^  takes  on  the  behavior  of  an  isolated  arrival 
occurring  at  a  time  equal  to  x/c  ,  where  c  is  the  speed  of  sound 
in  air. 


*Indeed,  for  a  position  this  close  to  surface-zero,  we  can  imagine  the 
pressure  wave  is  sufficiently  strong  so  that  the  rather  smooth  pressure-versus 
time  curve  might  appear  more  shocked  up. 

13 


ibid,  p.  24 
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(2)  The  secondary  pulse  P^  becomes  predominantly  Important  In  comparison 
with  the  initial  arrival  pulse  P^.  The  initial  arrival  pulse 
becomes  negligible  because  the  underwater  shockwave  is  incident  or. 
the  surface  at  a  grazing  angle,  and  the  transmission  coefficient  is 
small. 

(3)  The  secondary  pulse  P^  appears  to  correspond  to  waves  which  propagate 
as  inhomogeneous  plane  waves  through  the  water,  enter  the  air  In  the 
neighborhood  of  3urf ace-zero,  and  then  propagate  through  the  air  as 
ordinary  plane  waves. 

C.  Arrival  Time  of  SZ  Diffracted  Pulse 

In  figure  11  of  Section  V,  we  have  already  plotted,  as  a  function  of 
dimensionless  horizontal  distance  X:  (1)  T^,  which  is  the  dimensionless  time  of 
arrival  of  the  main  shock  front,  and  therefore  is  the  time  at  which  the  spall 
begins  its  upward  motion;  and  (2)  T£,  which  is  the  dimensionless  time  of  cavita¬ 
tion  closure,  that  Is,  the  time  at  which  the  spall  completes  its  trajectory. 

These  are  replotted  in  figure  21;  and  in  addition,  we  plot  T^.  which  is  the 
dimensionless  time  of  arrival  of  the  air  blast  wave  diffracted  from  the  neighbor¬ 
hood  of  surface-zero.  To  compute  T^.  we  note  that,  after  the  underwater  shock- 
wave  arrives  at  surface-zero,  the  diffracted  air  blast  pulse  anives  at  a  horizontal 

radius  x  at  a  time  the  order  of  x/c  ,  where  c  is  the  speed  of  sound  in  the  air. 

a  a 

In  other  words,  the  SZ-diffracted  pulse  arrives  at  a  time  t^  given  by 

t  -  t  +  x/c  ,  (121) 

i.  o  a 

where  t  is  the  time  (In  the  acoustic  approximation)  at  which  the  main  shockwave 
o 

arrives  at  surface-zero,  as  described  by  equation  (89)  in  Section  V.  Following 
the  format  cf  that  section,  we  define  the  dimensionless  time  T^  as 


Flgura  21.  Dimensionless  time  of  arrival  T,  of  main  jhockwav  , 
dimensional  time  of  closure  Tc  of  cavitation,  and  dlraenaionl. 
time  of\arrlval  Tj  of.  surface-zero  diffracted  air  wave--as  a  unc¬ 
tion  of  llmenslonlessj  distance  X  from  surface-zero.  Time  of  lo- 
sure  Is  plotted  for  tpo  charge  weights— 10  pounds  and  10  kllotons 
—each  burst  at  the  cube-root-scaled  depth  of  0.5, 
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T„  s  t  /t 
2  2  o 


(122) 


so  thaC  equation  (121)  can  be  written  as 

T.  -  1  +  (c  /c  )  X  (123) 

2  w  a 

where  c  /c  is  the  ratio  of  sound  speed  in  water  to  that  in  air  and  X  is  the  dimen- 

W  & 

sionless  horizontal  distance  defined  in  equation  (75).  T ^  is  plotted  as  a  function 
of  X  in  figure  21  for  a  sound  speed  ratio  of  4.5. 

D.  Air  Blast  Pulse  Arrival  Times 

In  order  to  get  a  general  picture  of  air  blast  pulse  relationships,  we 
have  in  this  section  limited  ourselves  to  the  acoustic  approximation  in  water  and 
in  air;  and  have  assumed  that  the  spalled  water  surface  is  acted  upon  only  by 
gravity.  If  we  restrict  our  discussion  now  to  locations  in  the  air  at  or  just 
above  the  water  surface,  we  can,  with  the  information  developed,  see  the  differ¬ 
ence  in  behavior  for  small  charges  when  compared  with  large  charges. 

The  first  arrival  pressure  pulse--the  pulse--commences  at  a  time  , 
as  indicated  in  figure  21.  For  small  values  of  X,  dX/dT^  (which  is  equal  to  the 
mach  number  in  water)  is  supersonic,  i.e.,  this  derivative  is  greater  than  unity 
in  the  dimensionless  plot  of  figure  21.  The  derivative  asymptotically  approaches 
unity  for  large  values  of  X. 

An  upper  bound  for  the  conclusion  of  the  pulse  (near  the  water  surface) 
is  the  time  at  which  the  spall  closes.  That  is  to  say,  the  pulse  is  over  at  a 
time  not  greater  than  T^.  More  complete  diffraction  analysis  is  required  in  order 
to  sharpen  this  estimate  of  the  P^  pulse  duration.  But  it  appears  that  the 
estimate  is  adequate  provided 


s  1 


dTc 

dX 


(124) 
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The  inequality  (124)  provides  that  the  locus  of  the  spall  closure  point  is  not 

moving  subsonically  relative  to  the  speed  of  sound  in  water.  For  example,  in 

figure  21  for  the  10  pound  T  curve,  our  estimate  that  the  P  pulse  is  completed 

c  1 

at  a  time  T  is  probably  good  for  values  of  X  greater  than  about  55.  For  values 
c 

less  than  55,  the  locus  of  spall  closure  is  traveling  subsonically,  and  a  more 
thorough  diffraction  analysis  is  required  in  order  to  find  when  the  pulse 
effectively  is  concluded. 

For  the  10  kiloton  charge  shown  in  figure  21,  our  identification  of  Tc  as 
the  termination  of  the  P^  pulse  is  probably  good  for  values  of  X  greater  than 
about  12.  For  values  of  X  considerably  less  tl  n  12,  is  an  upper  bound  for 

the  conclusion  of  the  P^  pulse,  but  an  increasingly  poor  estimate  as  X  gets  con¬ 
siderably  smaller  than  12.  Similar  conjectures  hold  for  the  10  pound  Tc  curve  for 
values  of  X  less  than  55. 

In  figure  21,  the  curve  indicates  the  time  of  arrival  of  the  pulse, 
i.e.,  the  air  blast  pulse  which  is  diffracted  from  the  neighborhood  of  surface- 
zero.  If  our  air  blast  gage  is  located  near  the  surface  at  the  dimensionless 
distance  15  (“X)  from  surface-zero,  we  see  that,  for  the  large  10  kiloton  charge, 
the  P^  pulse  arrives  after  T^,  i.e.,  after  the  completion  of  the  P^  pulse.  On 
the  other  hand,  for  the  10  pound  charge  at  the  same  scaled  burst  depth  of  0.5,  we 
see  that  the  P^  pulse  arrives  while  the  P^  pulse  is  still  extant. 

E.  Comparison  With  Experiment 

Figure  22  is  identical  with  figure  94  of  Pittman's  report,  and  shows  the 
Umbrella  air  blast  pressure  histories  for  gage  locations  near  the  surface.  All 
of  these  records  indicate  that  the  P^  pulse  is  over  with  long  before  arrival  of 
the  P^  pulse.  Furthermore,  the  shape  of  the  P^  pressure  wave  at  the  2070  foot 
station  has  the  same  N-wave  shape  as  the  spalled  surface  motion;  this  suggests 
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that  the  P^  wave  Is  quite  coherent  with  the  surface  motion.  The  interpretation 
is  that  at  this  station  the  air  blast  wave  can  be  explained  in  terms  of  a  plane 
wave  traveling  vertically  from  the  surface,  and  therefore  suggests  that  the  2070 
foot  station  is  quite  near  the  place  of  first  spall  closure,  i.e.,  quite  near  the 
place  where  dTc/dX  *  0.  At  this  2070  foot  station  the  pulse  arrives  at  about 
1.8  seconds,  which  Is  about  the  transit  time  through  the  air  of  a  pressure  pulse 
whose  origin  is  at  surface-zero.  The  pulse  is  essentially  over  with  by  about 
0.6  or  0.7  seconds. 

The  P^  Pulse  in  figure  22  indicates  that  the  water  column  or  bubble  blow¬ 
out  took  effect  (in  producing  the  P^  pulse)  about  0.3  seconds  after  the  underwater 
shock  front  arrival  at  surface-zero,  i.e.,  about  0.3  seconds  after  the  origin  of 
the  pulse. 

Figure  23  is  identical  with  figure  53  in  Pittman's  report.  Here  we  can 
see  the  effect  of  charge  weight  ranging  from  8.6  pounds  up  to  8  kilotons.  Accord¬ 
ing  to  the  analysis  in  this  section,  we  see  that  for  the  small  charges  the  P^  wave 
arrives  much  before  the  conclusion  of  the  P^  wave,  i.e.,  much  before  the  spall  has 
closed.  For  the  large  charges,  the  P^  wave  arrives  after  the  spall  has  closed, 
i.e.,  after  the  P^  wave  has  subsided.  Again,  this  is  particularly  evident  on  the 
very  large  nuclear  charge. 
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S»ALL  DYNAMICS#  HIGH  PRESSURE  LIMIT  ANALYSIS, 

INCIDENT  PRESSURE  NAVE  HAS  SHOCK  RISE  WITH  EXPONENTIAL  TAIl*OFF, 
WAVFLPNfiTH  IS  LENSTH  TOR  PRESSURE  TO  FALL  TO  1/E. 

IN  TABLES. 

TIME  IS  NORMALIZED  TO  CLOSURE  TIME 
SPALL  THICKNESS  IS  NORMALIZED  TO  CLOSURE  DEPTH 
SURFACE  POSITION  IS  “ORMAi_  I  ZED  TO  MAXIMUM 
SURFACE  EXCURSION 

SURFACE  VELOCITY  IS  NORMALIZED  TO  VERTICAL  COMPONENT 
OF  INCIDENT  PFAK  PARTICLE  VELOCITY 
SURFACE  ACCELERATION  IS  IN  UNITS  OF  GRAVITY  ACCELERATION 

lower  cavity  roundary  is  normalizfd  to  closure  depth 

FOR  SHOCKWAVE  incident  at  angle  a.  jse  tarlfs  REPLACING 
(1)  WAVELENGTH  by  SHOeK  WAVELENGTH  TIMES  SECANT(A) 

(?)  PRESSURE  BY  SHOCK  PEAK  PRESSURE  TIMES  COSfNE(A) 

1  READ  (60,100)  UMAX#WM!N|R,R1,R2 
R  ■  EXPF( LOGF ( 10 , )/R) 

I  ■  1 
W  a  WM I N 

2  PW  a  A 4,4*4/(14,7*144,) 

0  ■  SORTF ( 1 » /PW ) 

3  V  ■  EXPF ( 2, *0) 

F0  a  V-(1.*P,*D)»?,/PW 
El  a  2.MV-D) 

Ol  a  D  »F8/Fl 
OD  a  ABSF(Dl-D) 

D  a  D1 

I p  (DD*10 , #*6.D)  4,4,3 
*  DZS  ■  D 

O  a  (SORTFd  ,*8,*PW).l,  )/(4,*pw) 

9  V  a  EXPF ( 2 , *D ) 

F0  a  l,«(PW*l,/<2,*0)  )MV*1,-2,*D) 

rl  a  .2.#(PW*ll/<2,*-!))*<V.l,)*Ul/(2,*n*D))*(V-l#-2,<»D) 
m  i  n  .Fo/Fi 

DO  a  ABSF(Ol-D) 

D  a  Dl 

IF  (DD*l0 ,**A*D)  6,6, b 
6  DJS  a  O 

V  a  EXPF(-2.«D) 

TZSMAX  a  1 ,*(1 , *2 , *0 ) * V 

ZSMAX  a -2. *( V*PW*TZSMAX/2, )* TZSMAX 
D  a  DZS 

V  a  EXPF ( 2 , *D ) 

FO#  4,*(1.*PW*D>  a(l,/(2#*DtD) )*(V.l,r2,*D) 

I*’  (FO)  7.S,8 
Z  V  a  EXPF(?,*D) 

FO  a  4 , # ( i , *Pw*p )  •(1,/(2,*D*D>)*(V-1,-2i*D) 

FI  a  4,*pw  -(1 ,/(D*D) )*(V-1, )  ♦(1,/(D**T>)*(V*1,-2,*D> 
i)t  i  n  .Fn/Fi 
DO  a  ABSF(Dl-D) 

D  a  Dl 

IF  ( DD*10 . •♦6*D)  9,9,7 
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8  D3S  ■  0 
L  ■  ? 

63  TO  22 

9  DS$  »  D 
L  *  1 

?2  D*SW  «  DZS*W 

T02S  ■  1,  -a,*2l*UIS)*EXPF<»2.*DZS» 

TOZSP  b  2,*w*TD7S/7S,5 

071  ■  nus/n 

072  b  (DZS  *DUS)/»2 

ZSmAXP  *  *576,  *  W  *  ZSMAX/1470  . 

W  9  J  T  E  (61.106) 

W9ITE  (61.101)  ! 

I  »  !  *1 

W9ITE  (61.102) 

W9ITE  (  6 1 '.  1 0  3 )  ZSMAXP, DZSW. TDZSP 
W9ITE  (61.1041 
Z  ■  0. 

10  V  •  EXPF <  »2 , *Z  ) 

zv  b  z/nzs 
T  ■  1 , • ( 1 , *2 | *Z ) • V 
TV  b  T/TD7S 

US  B.2.*(V«(PW*i,/<2,*Z) )*T> 

Z *  b»?,*(v-pw*T/2, )*T 

ZSN  B  ZS/7SMAX 

jr  (Z)  U.llilZ 

11  GS  b  1 o  0  0  0  0  0  ( 

Z9n*  1000(100  , 

GO  TO  13 

12  GS  b  l.*(l,-T/<8,* 

1  ?*Z*V) )/<PW*Z> 

Z?N  «  1.  -  LOGF(TV)/  (2,  *  DZS> 

13  WSJTF  (61'tlo5)y\j#ZN,ZSN«US,GS»  ZBN 
*F  (Z-DUS*  PZl/2,1  14  *  15 , 15 

14  Z  «  Z  ♦  DZl 
GO  TO  10 

15  GO  TO  (16,19,21)  i 

18  I r  (Z*D?2-DGS)  19.18,17 

17  L  ■  3 
Z  4  B  Z 
Z  ■  DGS 
GO  TO  10 

18  L  •  2 

19  Z  ■  Z*072 

I r  (Z  •  D?S  •  DZ2/2.)  1 0 i 2g , 2g 

20  W  *  R«U 

! f  (W-WHAX)  2,2,5a 

21  L  ■  2 
Z  •  Z* 

GO  TO  19 

100  FORMAT  (2F7,2.3r3,o > 

101  FORMAT  (36X.5MPAGE  • 1 3 //) 

102  FORMAT  '3SX.14MSRALL  DVNA* I CS/26X , 2*HM I GH  PRESSURE  LIMJT  ANALYSIS) 

103  FORMAT  ( //22X , 1 3MWAVELENGTH  b  #F10,5,5H  FEET/  7X, 

1  28MMAXIMUH  SURFACE  EXCURSION  b  ,Fln,5, 

7  3()H  F6FT  »ER  THOUSAND  PSI  SQUAREO/i  9X,i6MCL0SURE  DEPTH  »  .K10.5, 
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1  ?H  FFET/20X,l5wCLO$URE  TIME  ■  ,F10. 5, 

4  ?5m  SECONDS  PER  THOUSAND  PSI//I 

1 0 4  FORMAT  <7x(4HTImE,6*,5HSPAU,4X,7HS'JRFACE«4X,7hSURFaCE.5X. 

9  7MSURFACF,  8x ,  5H|.OWER/i5 X ,  9hTM  l  CKNESS ,  ?X  ,  6wp0$  I  T  l  ON* 3X . 

6  IHVEL0CITY*2X* 

X  l2HACCELERATlON,4X,6HCAVlTY/4flX(9H( IN  GEES  )  * 

7  5x‘,BWBOJNDAHY/) 

105  FORMAT  (6y,F6|3t4x,r6,3,5x#F6,3f5x,r6t3,5x,F6,2.Sx,F7,2) 

1 0 6  FORMAT  (1W1) 

50  END 
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SPALL  DYNAMICS 

HIGH  OWFSSUPE  LIMIT  ANALYSIS 


WAVELENGTH  ■ 

0,01000 

FEET 

maYJ  HU* 

SURFACE  EXCURSION  * 

-0  .00080 

FEET  PE  9  THOl  IS  A  Np  PS!  SOUAR&D 

CLOSURE 

nEisTw  s 

0,04296 

FEET 

CL0SJP6  TIME  * 

0.0O0?7 

seconds  per 

THOUSAND  PSI 

T!  HE 

spall 

SURFACE 

SURFACE 

surface 

lower 

TmT  CKNESS 

POSITION 

velocity 

ACCEL69AT  jr.N.  CAVITY 

<  IN  GEES) 

boundary 

n .  000 

0,000 

0,000 

-2,000 

#*«j.**** 

n .  oo? 

n  .oo7 

0,01? 

-1,818 

77942 , 43 

1,71 

o ,  oo7 

ft  ,  Ol4 

0,063 

-1,648 

•»9682,  ft? 

1.56 

0,014 

0 ,021 

0  ,i?« 

.1 ,49ft 

25594  f  ft  3 

i.47 

O.O?7 

0 , 0  29 

0,20* 

.1 ,343 

1 9ft  42 , 71 

t  ,41 

0 , 040 

0 ,036 

0,2*8 

-1 ,206 

1 5107,01 

1.37 

ft, 056 

0,043 

0.374 

-1 , ft7* 

i 248i , 25 

1.33 

0,071 

0 . 050 

0.45V 

-0,959 

10601 „ 97 

1 .3q 

0.091 

0.057 

0.541 

•0 ,848 

9189,70 

1.?7 

0. Ill 

n .  oft4 

0 .61  7 

-0,745 

8ftB8 , 67 

1.25 

ft, 131 

0,071 

0,6*8 

0.751 

.0 , 649 

7205,41 

1,23 

0.153 

0,079 

-0 ,560 

648ft ,45 

l.*i 

0.171 

0 , 086 

0.807 

.0,478 

5874 , 1 2 

1  ,?0 

0,197 

0,093 

0,856 

-  0 , 4  0 1 

5355,98 

1,18 

ft.  220 

0 .1  00 

0.897 

•0 , 3  3  0 

4415,39 

1,17 

0.?<3 

0.1  O7 

0 ,93u 

-0 ,264 

4528,07 

1 .16 

0.?66 

0,114 

0.957 

-0,203 

41 88 , ®3 

1.15 

0.29ft 

0,121 

0.976 

-0,146 

3*87, nj 

1,14 

0,313 

0,129 

0,990 

»0 , p93 

3616,78 

1,13 

0.335 

0,136 

0.998 

-0,045 

3373,1 7 

1.1? 

ft, 355 

0,143 

1.000 

0 , 0  0  2 

31 52 , 1 o 

1,12 

0.485 

0,186 

0.932 

n,kQ4 

2l5n , ?2 

1.06 

0,595 

0,?29 

0.7*5 

0,326 

14  69, 1 5 

1,06 

0,490 

0,271 

0,621 

0,394 

944,53 

1.0  4 

ft,  764 

0,314 

0,472 

0,426 

496,76 

1,03 

0.822 

0.337 

0.348 

0,437 

5l  ,  ftl 

1.02 

0,332 

0,366 

0 , 3?7 

0,437 

•  0 ,  ftO 

1,02 

ft  ,  567 

0,400 

0.231 

0  ,434 

-333,53 

1,02 

n,90» 

0.443 

0.179 

0,422 

-771 ,79 

1,01 

0,925 

0,484 

0,126 

0,406 

-1257,37 

1.01 

ft. 947 

0.529 

0.0*8 

0,388 

-1815,46 

1  .01 

0.96? 

0.371 

0,0*1 

0 ,370 

-2475,20 

1,00 

0.973 

0.61  X 

0,042 

0 ,351 

-3272,1 6 

1.00 

0 , 980 

0.657 

0.0?8 

0 ,333 

-4251  ,ft7 

1.00 

ft.  ?85 

0,700 

0.019 

0  C316 

-5469,26 

1.00 

0.991 

0,743 

0.013 

0  ,301 

- 7ft  0 1  ,  ft 5 

1.00 

0.994 

0,786 

0,00« 

0  ,286 

-8943,61 

1,00 

0.995 

0,829 

0.005 

0,272 

t.oo 

0.997 

0.871 

0.003 

0,260 

***.«••« 

1.00 

ft  .  999 

0 .914 

0,002 

0 ,246 

1.00 

n.999 

0.957 

o.om 

0,237 

l  .00 

1.000 

t  .  1)00 

0,000 

0,227 

1.0Q 
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SPALL  DYNAMICS 

HIGH  PRESSURE  LIMIT  ANALYSIS 


wavelength  * 

MAYHUM  SURFACE  EXCURSION  * 

CLOSURE  nEPTH  * 
CLOSURE  TIME  « 


0,01334  FEET 

•OlOOlOfr  FEET  PEP  THOUSAND  PS!  SQUARED 
0,05671  FEET 

0,00036  SECONDS  PER  THOUSAND  PSI 


TIME 

SPALL 

thickness 

SURFACE 

POSITION 

0,000 

0,000 

0,000 

0,002 

0.007 

0  9  0 1 7 

n  ,ooT 

n  ,ol3 

0,063 

n  .016 

0,02? 

0.127 

0 .022 

0 ,03o 

0,204 

0  e0"»0 

0,037 

0,238 

0.656 

0,044 

0,374 

0.073 

0,052 

0,439 

0.0*1 

0,059 

0,541 

0 ,111 

0,066 

0,617 

0.131 

0.074 

0,608 

0.153 

0.081 

0,751 

0.175 

0.089 

0.807 

0,197 

0,096 

0.856 

0.?26 

0,103 

0,897 

0,243 

0  ,111 

0,930 

0.267 

0,116 

0.957 

0,295 

0,126 

0,976 

0,313 

0.133 

0 ,990 

0.336 

0.140 

0.998 

0.353 

0,148 

1,000 

0,487 

0,190 

0,936 

0.590 

0,233 

0.797 

0,880 

0,276 

0,640 

0.754 

0,318 

0,493 

0,31? 

0,361 

0,369 

0.832 

0.378 

0,326 

0 ,353 

0 ,40 3 

0,271 

0.894 

0,446 

0,196 

0.921 

0,489 

0,140 

0,942 

0,531 

0,099 

0,957 

0,374 

0,069 

0,969 

0,616 

0,0*8 

ft,»73 

0,659 

0,033 

0,984 

n.7o? 

0,023 

0,989 

0,744 

0.015 

0.992 

0.787 

0.010 

0.993 

0,830 

0,006 

0.9*7 

0,872 

0.00* 

0,993 

0.915 

0.002 

0.999 

0.957 

0 .001 

1  ,ooo 

1,000 

0.000 

SURFACE 

surface 

lower 

VELOCITY 

ACCELERATION 

t IN  GEES) 

CAVITY 

boundary 

•2,000 

•«•«•«** 

1.74 

•1,818 

58457, *5 

•1,648 

29013,90 

1 ,58 

•1,490 

1  9i 94 , 72 

1.49 

-1,343 

14381,51 

1,43 

•1,206 

11330,58 

1,36 

-1,078 

9360 , 70 

1.34 

-0,959 

7951,32 

1,31 

-0 ,848 

6892,1 7 

1.28 

•0,745 

6066,45 

1,26 

•  0 ,64  9 

54 o 4  ,  n 5 

1,24 

-0,560 

4860,36 

1.22 

-0,478 

4405,54 

1,20 

•0,401 

4019,31 

1.19 

-0,330 

3686,64 

1 ,18 

-0,264 

3396,84 

1.17 

-0,203 

3141,83 

1.16 

-0,146 

2915,40 

1.15 

•0 ,093 

2712,74 

1.14 

•  0 , 0  45 

2530, n5 

1.13 

•  0 ,000 

2364,26 

1,12 

0,198 

1635,94 

1  ,09 

0,319 

1136,10 

1.06 

0,388 

749,93 

1.05 

0,423 

0,436 

42l , 83 

1.03 

119,  «1 

1,02 

0 ,437 

0,00 

1,02 

0,435 

•  177,74 

1,02 

0,426 

•487,98 

1,01 

0,412 

•826,65 

1,01 

0,395 

-1210 , 05 

1.01 

0,377 

-1656,59 

1 .01 

0,359 

•2188,26 

1.00 

0,342 

•2832, 18 

1.00 

0,325 

-3622,59 

1.00 

0  ,  $C  9 

-4603,21 

1,00 

0,294 

-503fl,48 

1.00 

0,281 

-7377,54 

1.00 

0,268 

-9339,73 

1.00 

0,256 

1.00 

0,245 

1,00 

0,235 

1,00 
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MAX  I  HU* 


THE 


ft  ,  300 
ft  .  0  0? 

ft  .no7 

ft  .018 
ft  .  027 

ft  ,o«n 

ft  .058 

0.075 

ft  .0*1 
ft  .111 
ft  .13? 
0.153 
0.175 
0.1*9 
0.220 
n.?«3 

0.267 
ft. 2*0 
0.313 
ft .  334 
0.358 
0.479 
0.582 
0.671 
ft. 744 
ft  .  8q2 
0.931 
0.94? 
0.985 
ft  .  *1« 
0.*35 
0.95? 
0.965 
0,974 
0.982 
0.987 
0.991 
0.994 
0.995 
0.999 
0.99? 
1.000 


SPALL  DYNAMICS 

HIGH  PHFSSURfc  LIHIT  ANALYSIS 


WAVELENGTH 

surfacf  EXCURSION 
closure  depth 
CLOSURE  time 


0.01778  FEET 

*0  » 0  01*2  FEET  PEP  THOUSAND  PSI  SQUARED 
0.07307  FEET 

0 •  0  0  0 4 9  SECONDS  PER  Thousand  PSI 


SPALL 

SURFACE 

SURF  ACE 

SURFACE 

LOWER 

Tut CKNFSS 

POSITION 

velocity 

acceleration 

< IN  GEES) 

CAVITY 

bOUNDARY 

0,000 

o .  o  n  o 

-2,000 

ft  .008 

0.017 

-1 , 818 

4384? , i 8 

1.76 

ft  ,015 

0.063 

.1,648 

?l76o,ft9 

1 ,6q 

ft  .023 

0,127 

-1,690 

14395,91 

1.51 

ft  ,031 

0.2ft4 

.1,363 

10711  , 1  l 

1,44 

0,038 

0,288 

-1,206 

8497,98 

1.39 

ft  ,046 

0.374 

-1 ,078 

7ft2ft , 61 

1.35 

ft  ,053 

0.659 

-0,959 

5963,41 

1.32 

ft  .061 

0.540 

-0 ,848 

5l 69, oS 

1.29 

ft  .069 

0 .61  7 

-0,745 

455o  ,00 

1.27 

ft  .076 

0.688 

•0,649 

4o53,?2 

1,25 

ft  .084 

0.751 

•0,560 

3645,46 

1.23 

ft. 092 

0.807 

.0,478 

3304,44 

1.2l 

ft  .  0  99 

0.856 

•0,401 

3014,70 

1.2o 

ft  .107 

0.897 

*0 , 3  3  o 

2765, ?o 

1,18 

ft  ,115 

0,93o 

-0,264 

25  4  7, A  7 

1.17 

ft  .1  22 

0.957 

•0,203 

2356,41 

1.16 

ft  ,l3o 

0.976 

-  0 , 1 46 

2184, 8  0 

1.15 

ft, 138 

0,990 

-  0 , 093 

2034, Pi 

1.14 

ft.  145 

0,998 

-0  ,  q45 

1897,80 

1.13 

ft, 153 

1.000 

0,000 

1773,46 

1.12 

ft. 1*5 

0.961 

0,192 

1744,75 

1.09 

ft. 238 

0 , 8q  9 

0 ,312 

878,18 

1.07 

ft  .280 

0.658 

O',  382 

594,26 

1.05 

ft. 322 

0.514 

0,419 

353,85 

1.04 

0.365 

0,391 

0 ,435 

134 , 33 

1.03 

0.391 

0,3?6 

0 ,437 

0  ,  00 

1.02 

ft  ,407 

0.292 

0 , 437 

-79,51 

1,02 

0.449 

0.214 

0,429 

.299,46 

1.01 

ft, 492 

0.155 

0,417 

•536 , o5 

1.01 

ft. 534 

0.11  2 

0,401 

•799,88 

1.01 

0.576 

0,079 

0,384 

-1107,61 

1,01 

0,619 

0.056 

0,367 

-1457,80 

1.00 

ft  .661 

0,039 

0 ,35ft 

-1881  ,91 

1.00 

0.703 

0,0?7 

0 , 334 

-2395,33 

1.00 

ft  ,746 

0.01« 

0,318 

-3023,73 

1.00 

0,788 

0,01  2 

0,303 

-3799,79 

1.00 

0,831 

0,008 

0,289 

-4765,27 

1,00 

0,873 

0.005 

0,277 

•5973,96 

1  .00 

ft, 915 

0.003 

0,265 

-7495,27 

1.00 

0.958 

0.001 

0,254 

-9419, n9 

1 .00 

1  .000 

0 ,000 

0,245 

1.00 
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MAXI  MUM 


TIMg 


H.OOO 
0.00? 
0.007 
0,01* 
0.027 
0.040 
0,056 
0.07S 
0,091 
0,111 
0.132 
0.153 
0.175 
0,199 
0,221 
0,244 
0,267 
0,290 
0,313 
0.336 
0.339 
0.473 
0.375 
0.661 
0,733 
0.792 
0 . 934 
0,839 
0.976 
0.906 
0.929 
0 , 946 
0.960 

0.971 
0.979 
0,985 
0.989 
0,993 
0,995 
0,997 
0.999 
1  ,000 


spall  dynamics 

HIGH  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTH  • 

0.02371 

SU9FACE 

EXCURSION  « 

-0.00189 

closure  depth  « 

0 .09403 

CLOSJRE  TIME  « 

0,00064 

SPALL 

surface 

surface 

thickness  position 

VELOCITY 

0,000 

0,000 

•2 , 0  00 

0.008 

0,017 

•1,818 

0,01* 

0,063 

•1,648 

0,024 

0,127 

•1,490 

0,032 

0.204 

•1,343 

0 , 040 

0,288 

•1,206 

0.047 

0,374 

•1,078 

0,053 

0,459 

•0,959 

ft  .  063 

0,540 

•0,848 

ft, 071 

0,617 

•0,745 

ft. 079 

0,688 

•0 ,65o 

0 ,087 

0.731 

•0,561 

0,093 

0,807 

•0,478 

0 , 1 0  3 

0.856 

•0 ,4ol 

ft  ,111 

0.897 

•0 , 330 

0,119 

0,930 

•  0 , 2  6  4 

ft, 127 

0.957 

-0,203 

0,135 

0,976 

•0,146 

0,14? 

0,990 

•  0 , 0  93 

0,150 

0,998 

•  0,0<5 

0  *58 

1,000 

0  ,000 

0  ?0O 

0,945 

0,186 

0.  '•42 

0.821 

0 , 30 4 

0,285 

0,676 

0,376 

0,327 

0.536 

0,415 

0,369 

0,414 

0,434 

0 , 4(j3 

0,325 

0,438 

0,411 

0,314 

0,438 

0.433 

0,234 

0,433 

0,495 

0,172 

0,422 

0,337 

0,125 

0,408 

0,379 

0,091 

0,392 

0.621 

0.065 

0,375 

0,663 

0,1)46 

0,359 

0 , 7(| 5 

0,032 

0,343 

0.747 

0,022 

0,327 

0 , 790 

0.015 

0,313 

0.83? 

0,010 

0,299 

0.874 

0.006 

0,286 

0,916 

0.003 

0,274 

0.958 

0.001 

0,263 

1,000 

•0 ,000 

0,252 

FEET 

FEET  PEP  THOUSAND  PSl  SQUARED 
FEET 

SECONDS  PEN  THOUSAND  PSI 


surface 

LOWER 

acceleration 

cavity 

< IN  GEES  > 

boundary 

3288?, ?o 

1,79 

16320,49 

1.62 

1 0  797  , Ml 

1  .52 

8  0  3  3 , 6  9 

1,46 

6373,83 

t,«l 

5?65  e  80 

1.36 

4473,04 

1,33 

3877,79 

1 ,3fl 

341?, 83 

1,28 

3q4o  ,74 

1,26 

2734,42 

1  ,24 

2478,65 

1,22 

2261,34 

1.20 

2074,72 

1  .19 

1911,?2 

1,18 

1767,78 

1,17 

1640,42 

1,16 

1526,44 

1.15 

1423,67 

1  ,14 

1330,43 

1.13 

947,71 

1.09 

678,7o 

1.07 

470,11 

1.05 

293,98 

1,04 

134,12 

1.03 

•0,00 

1,02 

•19,53 

1,02 

•175,70 

1.02 

•341  ,?8 

1,01 

•523,17 

1,01 

•728,77 

1 .01 

•966,45 

1*01 

-1246,19 

1.00 

-l58o , 13 

1.00 

•1983,79 

1.00 

•2474,53 

1.00 

•  3o  77 , 65 

1.00 

•3822,87 

1.00 

-4748,70 

1.00 

-5904,39 

l.oo 

-7353,12 

1.00 
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SPALL  DYNAMICS 

HJUW  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTH  « 

MAXIMUM  SURFACE  EXCURSION  • 

closure  depth  • 

CLOSURE  TIME  * 


0,03162  FEET 

•0  1  0 0 2^2  FEET  PER  THOUSAND  PS!  SQUARED 
0,12066  FEET 

0 . 0 0 0 86  SECONDS  PER  THOUSAND  PSI 


TIME 

spall 

thickness 

SURFACE 

position 

0,000 

0,000 

0,000 

n.oo? 

0,00® 

0 . 0 1  7 

n ,  oo7 

0,016 

0.063 

0,016 

0,02’ 

0.1?7 

ft.O?7 

0.033 

0 .204 

0,040 

0.041 

0,288 

fl,056 

0 , 0 49 

0.374 

0.073 

0,057 

0.439 

O.O’l 

0.0*4 

0.5<o 

0,111 

0,074 

0,6l7 

0 ,132 

0,082 

0,688 

0,153 

0,090 

0,751 

0.173 

0,099 

0 ,807 

0.195 

0 , 1 0  7 

0,836 

0.221 

0,115 

0.897 

0.244 

0,123 

0.930 

0,267 

0,131 

0,937 

0.290 

0.140 

0,976 

0,313 

0.148 

0.990 

0.336 

0.156 

0.998 

0,359 

0,164 

1.000 

0.469 

0,206 

0.949 

0,367 

0.248 

0.833 

0.651 

0,290 

0,695 

0,722 

0,331 

0.559 

0,781 

0.373 

0.438 

0.*29 

0.415 

0.337 

0.634 

0,421 

0  ,  J24 

0,567 

0,457 

0  255 

0,597 

0,499 

0.  ' 

0.921 

0.54Q 

0.-  *  *. 

0.940 

0.582 

0,103 

0.953 

0.624 

0 , 0  75 

0,966 

0,666 

0,054 

0,973 

0 ,707 

0.038 

0.982 

0.749 

0,027 

0.907 

0.791 

0.018 

0,991 

0.833 

0,012 

0.993 

0,875 

0,008 

0.997 

0.916 

0.004 

0.999 

0.958 

0.002 

i  .  nno 

i  .  nno 

•0.000 

SURFACE 

surface 

LONER 

velocity 

ACCELERATION 
( IN  GEES) 

cavity 

boundary 

•2,000 

1.82 

•1 , 818 

94663 , 38 

•1 ,649 
•  1 , 49  0 

12241,37 

1.64 

8n 98 , 75 

1.54 

•  1  ,  3  4  3 

6025,91 

1  .*7 

•1,20* 

478n ,94 

1.42 

•  1  ,  t)7B 

3949,87 

1,38 

•0,959 

3355,97 

1.34 

•  0 , 848 

2908,43 

1  ,3l 

• 0 ,745 

256o,  f)7 

1,29 

*0 , 6  5  0 

2700,41 

1,27 

•0,561 

2o5i  ,?3 

1.25 

•  0 ,478 

1059,40 

1.23 

•0,401 

1696,41 

1.21 

■0 , 33c 

1556,0* 

1.20 

-0,264 

1433,81 

1.18 

•0 , 20  3 

1326,72 

1.17 

•  0  , 1 46 

173o,70 

1.16 

•0 ,093 

1145,71 

1.15 

•0,045 

1068,1 3 

1.14 

•0,000 

998,1 9 

1,13 

0,180 

720,89 

1.10 

0,296 

524,47 

1,07 

0,369 

371,35 

1,06 

0,411 

242,34 

1,04 

0,431 

126,1 7 

1,03 

0,438 

15,36 

1.02 

0,438 

•0.00 

1.02 

0,435 

•95,71 

1,02 

0,426 

-711  ,81 

1.01 

0.414 

-337,46 

1,01 

0,399 

•477,37 

1,01 

0,384 

•636,72 

1.01 

0,368 

•021,55 

1.00 

0,352 

-1039,  o7 

1.00 

0,337 

-1298,08 

1.00 

0,322 

-1609,42 

1.00 

0,30’ 

-1986,61 

1,00 

0,296 

-2446,56 

1.00 

0,284 

-3010.56 

1.00 

0,272 

-3705,51 

1.00 

0,262 

-4565,45 

1.00 
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MAXIMUM 


TIME 


0.000 
0.00? 
n.oo? 
n.ois 
0,02? 
n.040 
0 ,056 
0,073 
0.091 
0,111 
0.132 
0.153 
0.175 
0.198 
0.?21 
0.244 
0.267 
0.290 
0.313 
0,336 
0.359 
0.465 
0.559 
0,642 
0,711 
0.770 
0.619 
0.536 
0.95? 
0.999 
0.913 
0.933 
0.949 
0.962 
0.972 
0.979 
0.985 
0,990 
0.993 
0.996 
0.999 
1  .000 


SPALL  DYNAMICS 

HIGH  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTH  « 

0,04217 

SURFACE  excursion  • 

•0.00336 

closure 

DEPTH  ■ 

0 ,15512 

CLOSjRfc  time  • 

0.00119 

SPALL 

surface 

surface 

thickness 

position 

VELOCITY 

0,000 

0.000 

•2,000 

0  ,  0  0  9 

0.01? 

-1,818 

0,01? 

0.063 

-1,649 

0 , 026 

0.12? 

•1,491 

0,034 

0 , 20 4 

•1,343 

0,043 

0.288 

-1,206 

0.051 

0.373 

•  1 ,  o  7  8 

0,060 

0.459 

.0,959 

0 ,068 

0.540 

•0,849 

0,077 

0.617 

•0,746 

0 ,085 

0 , 688 

-0 ,65o 

0,094 

0.751 

•0 ,561 

0.10? 

0 , 8(5  7 

•0,478 

0,111 

0,856 

-0,401 

0,119 

0.097 

■  0 , 3  3  0 

0.128 

0.930 

-0,264 

0 ,136 

0.957 

-0,203 

0,145 

0,976 

.0,146 

0.154 

0,990 

*0 1 0  93 

0,162 

0,998 

•  0 , 0  45 

0,171 

1,000 

-0,000 

0,21? 

0.953 

0,173 

0.254 

0.845 

0,288 

0  •  295 

0 , 7l  3 

0,361 

0,336 

0.582 

0,405 

0.378 

0,463 

0,429 

0 ,419 

0.361 

0,438 

0,437 

0,323 

0,439 

0.461 

0,278 

0,437 

0 ,5o2 

0,211 

0,431 

0.544 

0,158 

0,420 

0.585 

0,118 

0,407 

0.62? 

0.087 

0,392 

0,668 

0.063 

0,377 

0,?10 

0.045 

0,362 

0,751 

0,032 

0,347 

0,793 

0,022 

0,333 

0.834 

0.015 

0,319 

0.876 

0.009 

0 ,306 

0.91? 

0 . 0  0  5 

0,294 

0,959 

0 . 0  0  2 

0,282 

1  .000 

•O.OCC 

0,272 

FEET  PER  THOUSAND  PSI  SOUARID 
FEET 

SECONDS  PER  THOUSAND  PSI 


surface 

LOWER 

ACCELERATION 

cavity 

( IN  GFES) 

boundary 

•  **<•**** 

l85oo,  12 

1,85 

9182,46 

1,67 

6075, 1  0 

1.56 

4520,29 

1,49 

3586,44 

1.44 

2963,06 

1,39 

2517,06 

1,36 

2181 ,89 

1.33 

1920,59 

1 , 3fl 

1710,97 

1,28 

1538,92 

1 ,25 

1395,02 

1,24 

127? , 77 

1,22 

1167,50 

1,21 

1075,80 

1.19 

995,1 0 

1,18 

923,45 

1.17 

859,32 

1,16 

801,51 

1.15 

749,06 

1.14 

548,75 

1.10 

405,28 

1.08 

292,99 

1.06 

198,51 

1,05 

113,95 

1,04 

34, 06 

1.03 

•  0 ,  nO 

1,02 

-45,06 

1.02 

-1  26,63 

1,02 

-213,62 

1.01 

-309 , 04 

1,01 

•416,10 

1.01 

•538,46 

1.01 

-68o  ,  42 

1.00 

•  847 , o  8 

1.00 

-1044,69 

1.00 

-128o,89 

1.00 

-1565,12 

1.00 

-1909, 12 

1.00 

-2327,48 

1.00 

-2838,50 

1.00 
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SPALL  DYNAMICS 

HIGH  PRESSURE  LIMIT  ANALYSIS 


wavelength  *  o. 05623  feet 

maximum  SURFACE  EXCURSION  *  »0 • 0QA48  FEET  PER  THOUSAND  PS!  SQUARED 

CLOSURE  DEPTH  a  0,19881  FEET 

CLOSURE  TIME  a  0«00l52  SECONDS  PER  THOUSAND  PSI 


TIME 

SPALL 

TMf CWNFSS 

SURFACE 

POSITION 

surface 

VELOCITY 

SURFACE 
acceleration 
UN  GEES ) 

LOWER 

cavity 

boundary 

0.000 

n  ,ooo 

0,000 

•2,000 

n  ,00? 

0.00° 

0,017 

-1  ,818 

1 387  A , 73 

1.89 

0,007 

0,01* 

0,0*3 

-1,649 

6888,40 

1 ,70 

0,015 

0.027 

0,127 

-1,491 

4557,59 

1,59 

0.027 

0.035 

0.20A 

•1,343 

3391 ,?2 

1.51 

O.OAO 

0 , 0  4  A 

0,288 

•1,20* 

269n,70 

1.A5 

0.056 

0.053 

0,373 

-1  , 0  78 

2223,46 

l.Al 

0.073 

0,0*2 

0.458 

-0,959 

1«88, 49 

1,37 

0,091 

0 ,071 

0,540 

*0 ,849 

1637,n6 

1,34 

0.111 

n,o8o 

0,617 

•  0 , 746 

144l , n4 

l,3l 

0,132 

0 ,089 

0,688 

•0,650 

1?83, *0 

1.29 

0.153 

0,098 

0,751 

-0,561 

1154,73 

1.27 

0.176 

0,10* 

0.8fj7 

•0,478 

1046,79 

1.25 

0,198 

0 , 1 1 5 

0.856 

•0,4fl2 

955, n8 

1,23 

0.221 

0,124 

0.897 

•  0 , 330 

876,11 

1.21 

0.2«« 

0.133 

0,93o 

•0 , 264 

807,32 

1.20 

0.267 

0.14? 

0.957 

•0,203 

746,79 

1.19 

0.291 

0.151 

0.976 

-0,146 

693, o5 

1.17 

0.310 

0.160 

0,990 

»  0 , 094 

644,94 

1,16 

0.337 

0,169 

0,998 

-0.0A5 

601,58 

1,15 

0.359 

0,177 

1,000 

0,000 

562, ?3 

1.14 

o.«6a 

0,?l9 

0,957 

0,167 

417,82 

1.11 

0.552 

0 . 26fl 

0,856 

0,28q 

313,19 

1,08 

0.632 

0 ,3ol 

0.732 

0,354 

23f) ,  93 

1.06 

0.700 

0.34? 

0 , 6  >1  P 

0,399 

161,78 

1,05 

0.759 

0,383 

P.498 

0,425 

100, ?1 

1,04 

0.806 

0,424 

rj.387 

0,437 

42,54 

1.03 

0.837 

0.455 

0,321 

0 , 439 

•0,00 

1.03 

0.946 

0.465 

0.3n2 

0,439 

•13,91 

1.02 

0.579 

0.506 

0,232 

0  ,  435 

•71,74 

1.02 

0  ,  ®0  5 

0.548 

0.177 

0,426 

•l3l , 71 

1.01 

0.926 

0.589 

0,134 

0,414 

•196,94 

1.01 

0.945 

0,630 

0 ,100 

0,401 

-?69 , o  4 

1,01 

0.957 

0.671 

0,074 

0,386 

•  35 o  ,  24 

1.01 

0.967 

0,71? 

0  ,  0  5  A 

0,372 

•443,07 

1,00 

0.976 

0,753 

0.038 

0,358 

•550,52 

l.oo 

0.983 

0.794 

0.027 

0,344 

-676,16 

1.00 

0.989 

0.835 

0.01« 

0,330 

•824,31 

1.00 

0.997 

0.877 

0.012 

0  g  31 7 

•1000, ?2 

1 .00 

0.999 

0,918 

0 . 0  0  7 

0 , 305 

• 1?1 0  *  31 

1 ,00 

0.999 

0,959 

0 ,003 

0,293 

•146?, 51 

1.00 

1.000 

1  .000 

0.000 

0,283 

-1766,58 

1.00 

PAGE  All 


SPALL  DYNAMICS 

HIGH  PRIESSUPE  LIMIT  ANALYSIS 


MAXIMUM 

SUPPACF 

WAVELENGTH  > 
EXCURSION  > 

0,07499 
•0 ,00597 

FEET 

FEET  PER  THOUSAND  P$i  SQUARED 

closure  depth  ■ 

CLOSJRE  TIME  > 

0,25440 

0,00202 

FEET 

sectnhs  per  THOUSAND  PS! 

TIMS 

spall 

surface 

surface 

surface 

LOWER 

thickness  position 

velocity 

ACCELERATION 

CAVJTy 

0.000 

0.000 

0.000 

•2,000 

( IN  GEES ) 

boundary 

*««***« 

0.00? 

0,009 

0.017 

•1,818 

10612,68 

1,92 

0.007 

0,018 

0,063 

•1,649 

5168,44 

1,73 

0,01* 

0,028 

0.127 

•1,491 

3419,61 

l,6i 

0,027 

0,037 

0,204 

•1,344 

2544,55 

1,53 

0,040 

0,046 

0,287 

•1,206 

2018,98 
1668,1 4 

1.47 

0,056 

0,055 

0.373 

•1 ,079 

1.43 

0,073 

0,065 

0,450 

•0,960 

1417,13 

1.39 

0.092 

0,074 

0,540 

•0,849 

1220,49 

1.35 

0,111 

0.083 

0,617 

•0,746 

1081,43 

1,32 

0,132 

0.092 

0,687 

•0 ,650 

963,46 

1.3d 

0,154 

0 ,102 

0.751 

•0 ,561 

866,83 

1 ,28 

0,176 

0,111 

0 , 8fl  7 

•0,479 

785,65 

1,26 

0,199 

0,120 

0.856 

*0,402 

716,05 

1,24 

0,221 

0,129 

0,897 

•  0 , 33o 

657,41 

1,22 

0.249 

0,139 

0,930 

•0,264 

606,00 

l,2i 

0.269 

0,148 

0.957 

•0,203 

560,59 

1,19 

0.291 

0,157 

0,976 

•0,146 

520,27 

1,18 

0,314 

0,166 

0,990 

.0,094 

484,18 

1.17 

0,537 

0,176 

0,990 

•  0 , 0  45 

451,65 

1,16 

0,360 

0,185 

1,000 

•0,000 

422,1  3 

1.15 

0,456 

0,226 

0.961 

0 ,160 

310,72 

1.12 

0.544 

0 , 266 

0,867 

0,271 

242, 06 

1.09 

0,622 

n,307 

0,750 

0,345 

l8l  ,07 

1.07 

0,689 

0.348 

0,629 

0,393 

131 ,79 

1,05 

0,746 

0,389 

0,515 

0,421 

86,45 

1,04 

0,795 

0,429 

0,414 

0,436 

44,79 

1.03 

0.835 

0,470 

0.327 

0,440 

4,45 

1  ,03 

0,83* 

0,475 

0,319 

0,440 

0  « 0  0 

1,03 

0,865 

0  ,511 

0,256 

0  ,438 

•  3  6  ,  p  8 

1  ,02 

0.896 

0.552 

0,198 

0,431 

•  70  ,  o  8 

1,02 

0.911 

0,592 

0,151 

0,421 

•122,79 

1,01 

0.936 

0,633 

0.115 

0,40* 

•171,49 

1.01 

0.951 

0,674 

0.086 

0,396 

•225,90 

1.01 

0.963 

0,715 

0,063 

0,382 

•  266 , 36 

1,01 

0.972 

0,755 

0.046 

0,369 

•355,00 

1  ,00 

0.980 

0,796 

0,032 

0,355 

•435,05 

1 .00 

0,986 

0,837 

0,022 

0,342 

•928,95 

1.00 

6  » 99t 

0,878 

0.014 

0,129 

•  638 ,  o 1 

1.00 

0,995 

0,918 

0,006 

0,317 

•766,93 

1,00 

0,998 

0,959 

0,004 

0 ,505 

•918,40 

1.00 

1  ,ooo 

1  ,000 

•0,000 

0,294 

-1100 .ol 

1  ,00 

G6 


SPALL  DYNAMICS 

N I  GW  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTH  *  0.10000  FEET 


MAX I MU* 

surface  EXCURSION  ■ 

-0 .00796 

FEET  PER  THOUSAND  PS!  SQUARED 

CLOSURE 

DEBTW  a 

0.32498 

FEET 

CLOSURE  TIME  > 

0.00269 

seconds  PER  THOUSAND  PS I 

TIME 

spall 

SURFACE 

surface 

SURFACE 

LOWER 

THICKNESS 

pcsit ion 

velocity 

ACCELERATION 

CAVITY 

UN  GEES) 

boundary 

0.000 

0,000 

0,000 

0  ,01  7 

•2,000 

0.00? 

0.010 

•1 , 818 

7813,44 

1.96 

0,00? 

0,019 

0,043 

•  1  ,  649 

3878,50 

1.76 

0,016 

0,029 

0,127 

*1,491 

2566 ,54 

1.64 

0. 027 

0.039 

0,204 

-1,344 

1909,63 

1  .56 

n .  o4o 

0.048 

0.287 

•1,207 

1515,56 

1.49 

0 ,  056 

0.058 

0.373 

•1  i  0  79 

1252 ,00 

1.44 

0.073 

0.067 

0.658 

-0,960 

1063,66 

1 .40 

0.092 

0,077 

0 .54q 

-0,849 

922,1 1 

1.37 

o.tii 

0,087 

0.617 

•0,746 

811,77 

1  .34 

0.132 

0,096 

0.687 

-0,651 

723,55 

t.3l 

0.154 

0 , 1 0  6 

0,751 

•0,562 

650,59 

1.29 

0.176 

0,116 

0.8fl7 

-0,479 

589,83 

1,27 

0.199 

0,125 

0.856 

•  0 , 402 

530,50 

1,25 

0.?22 

0.135 

0.896 

•0 , 331 

493,75 

1,?3 

0.243 

0.165 

0,930 

•0,265 

455,^3 

1,22 

0.269 

0.154 

0.956 

•  0 , 20 3 

420,95 

1 .20 

0.29? 

0.164 

0.976 

•0,146 

390,70 

1,19 

0.319 

0.174 

0.99o 

-0,094 

363,62 

1  .18 

0.339 

0.183 

0.998 

*0,065 

339,51 

1,17 

0,361 

0.193 

l.ono 

•0,000 

3 1 7  ,  ft  7 

1.16 

0.652 

0.233 

0.944 

0,154 

242,47 

1.12 

0.537 

0.274 

0.878 

0,262 

187,13 

1.10 

0,612 

0.314 

0,768 

0,337 

143,16 

1.08 

0.677 

0,354 

0.652 

0,386 

106,18 

1  ,06 

0.734 

0.395 

0.542 

0,416 

73,53 

1  ,05 

0.782 

0.435 

0,441 

0,434 

43,41 

1,04 

0.821 

0,475 

0,355 

0,441 

14,53 

1,03 

0.941 

0.496 

0.316 

0,442 

•0 . 00 

1,03 

0.957 

0.516 

0,281 

0  ,441 

•1 4  , 1  3 

1.02 

0.986 

0,556 

0.221 

0,436 

.43,43 

1,02 

0.909 

0,596 

0.171 

0,428 

•  74 ,  i 8 

1.01 

0.929 

0.637 

0.131 

0,417 

•  107,16 

1,01 

0,944 

0.677 

0.100 

0,405 

-143,20 

1.01 

0.957 

0.717 

0.074 

0 , 393 

•183,51 

1.01 

0.969 

0,758 

0,055 

0 ,380 

-228,50 

1.01 

0.976 

0,798 

0,039 

0,367 

*279,34 

1.00 

0.983 

0,839 

0,027 

0,354 

*337,98 

1.00 

0.989 

0.879 

0.017 

0,342 

•4o5,74 

1,00 

0.993 

0.919 

0,010 

0 ,330 

•484,53 

1.00 

0.997 

0 . 96  0 

0  .Ofi4 

0,318 

•576,64 

1.00 

1  .000 

1  .000 

*0.000 

0 ,307 

•684 , 62 

1.00 
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SPAUL  dynamics 

high  SRESSURE  LIMIT  ANALYSIS 


WAvEtENGfW  ■  0 , 13335  FEET 

HAVMUW  SURFACE  EXCURSION  ■  •0*010^1  FEET  PER  THOUSAND  PS  I  SQUARED 

CLOSURE  DEPTH  b  o.*l439  FEET 

CLOSURE  TIME  «  0.00338  SECONDS  PER  THOUSAND  PSI 


time 

spall 

thickness 

SURFACE 

POSITION 

0.000 

0.000 

0.000 

0.00? 

o.on 

0,017 

o  .oo7 

0.0*0 

0,063 

0.014 

0 ,030 

0.127 

ft  .02* 

0 .040 

0.204 

0.040 

0 , 050 

0.287 

0,034 

0,060 

0,373 

0,073 

0,071 

0.438 

0.092 

0.081 

0.540 

0,112 

0,091 

0.616 

0.132 

0,101 

0.687 

0.134 

0,111 

0.731 

0.174 

0,121 

0 ,8o7 

0,199 

0,131 

0.835 

0,222 

0 .141 

0,896 

0.243 

0,151 

0.930 

0.269 

0.161 

0.956 

0.292 

0,171 

0,976 

0,313 

0,181 

0,990 

0.331 

0.191 

0.998 

0 . 36i 

0 ,201 

1.000 

0.449 

0.241 

0.967 

0.329 

0,281 

0.889 

0.40? 

0,321 

0,786 

0 . 666 

0,361 

0.676 

0.722 

0.401 

0.569 

0.770 

0 , 441 

0.47o 

0.811 

0.481 

0,383 

0.844 

0.319 

0.312 

0.844 

0.521 

0,306 

0.873 

0.361 

0.245 

0.900 

0,401 

0,193 

0.920 

0,641 

0.150 

0.937 

0.681 

0,115 

0.952 

0,721 

0,087 

0.963 

0 ,76c 

0,065 

0.973 

0 ,8fl0 

0,0*7 

0,981 

0,840 

0.033 

0.987 

0,880 

0.021 

0,992 

0,920 

0.013 

0.997 

0,960 

0.006 

1  .000 

1,000 

*0,000 

surface 

SURFACE 

LOWER 

velocity 

ACCELERATION 

cavity 

(IN  GEES) 

boundary 

"2,000 

•  1,819 

5864 , 43 

2.01 

•  1,649 

29H, -i8 

1.79 

•  1,491 

1926,30 

1  ,67 

•  1,344 

1433,50 

1.58 

.1,207 

1137,52 

1.52 

•  1 ,  0 80 

939,95 

1,46 

•0,961 

790,59 

1,42 

•0,850 

69?, 36 

1.38 

•0,747 

6Q9.54 

1.33 

*  0 , 65l 

543,11 

1.33 

•0,562 

488,58 

1  •  3jj 

•0,479 

44?, 98 

1.28 

*0 , 4q2 

4  0  4  , ?3 

1.26 

*0,331 

37(5,87 

1.24 

-0,265 

341,61 

1,23 

•0 , 203 

316, ?4 

1.21 

"0,147 

293,34 

1 ,20 

*0 ,094 

273,  n 

1.19 

•0 , 045 

254,90 

1,17 

C  ,  0  0  0 

238, ?8 

1.16 

0  c  1 4  7 

184,65 

1 , 13 

0,253 

144,73 

1  »io 

0,327 

112,65 

1.08 

0,378 

85,65 

1.07 

0,411 

61,87 

1*03 

0,431 

4o  .  f|7 

1.04 

0,441 

19,37 

1,03 

0,443 

■0,00 

1.03 

0,443 

*0,94 

1 . 03 

0,441 

•21,44 

1,02 

0,434 

•4? , 85 

1*02 

0 , 426 

"65 , ft  7 

1.01 

0,413 

•89 , ?o 

1.01 

0,404 

-115,00 

1.01 

0,392 

•144,64 

1  •  01 

0,379 

-1 77 , 80 

1  •  00 

0,367 

•214,05 

1,00 

0,355 

•256,66 

1 .00 

0,343 

•  3q5,?7 

1  •  00 

0,332 

■361  , 1  2 

1 .00 

0,321 

-425,85 

l.oo 
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SPALL  DYNAMICS 

HIGW  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTw  «  0 .17783  FEET 


MAXI MU* 

surface  excursion  ■ 

•0 .01414 

FEET  PER  THOUSAND  PS!  SQUARED 

closure 

n&PTw  • 

0.52737 

FEET 

CLOSJR 

L  TIMF  * 

0  .  00475 

SECONDS  PER  THOUSAND  PS  I 

TIME 

SPALL 

surface 

surface 

surface 

lower 

thickness 

position 

velocity 

ACCELERATION 

CAVITY 

(  IN  GFES) 

BOUNDARY 

n .  ooo 

0  ,000 

0.000 

•2,000 

n.oo? 

0  ,011 

0.017  • 

•1,819 

4402,88 

2,06 

n .  oo7 

0.021 

0,063 

•1,650 

2185,79 

l.«3 

0.014 

0.032 

0.127 

.1,492 

1446,42 

1 .70 

0.027 

0,042 

0 , 2o  4 

•1,345 

1076,46 

1.6l 

ft.  041 

0 .053 

0.2«7 

•1,208 

854,76 

1.54 

ft, 058 

0 .063 

0.373 

•  1 , 0 8fl 

705,93 

1,49 

0.071 

0.074 

0.458 

-0,961 

599,61 

l.44 

0.09? 

0,084 

0.539 

-0,851 

520 , 0 7 

1  ,  4  0 

0.11? 

0  . 0  95 

0,616 

-0,748 

457,00 

1.37 

0.133 

0.105 

0.687 

•0,652 

«08 , h2 

1.34 

0.154 

0,116 

0.750 

-0,563 

367 , n  9 

1,31 

0.177 

0.127 

0.807 

•0,480 

332,86 

1.29 

0.200 

0,137 

0.85b 

<>0,4g3 

3  0  3 , 7  7 

l.?7 

0.223 

0.148 

0.896 

•0,332 

278,73 

1.25 

0.?«4 

0.158 

0.93o 

•0,265 

256,91 

1.24 

0.269 

0.169 

0.956 

•0,204 

237,72 

1.22 

0.291 

0.1?9 

0,976 

•  0 , 1 4  7 

220,66 

1.21 

0.316 

0 ,190 

0.990 

•  0 , 0  94 

205,42 

1,19 

0.339 

0  ,?oo 

0.998 

•  o ,  o45 

l9t , 67 

1 ,18 

0.362 

0  ,?11 

1,000 

0,000 

179,70 

1.17 

0.445 

0  ,?5o 

0.971 

0,l4o 

1<1  ,  o3 

1.14 

0.32? 

0.290 

0.899 

0,243 

112,00 

1,11 

0.39? 

0.329 

0 . 8o3 

0,318 

88,64 

1,09 

0.654 

0,369 

0.700 

0 , 370 

65,94 

1,07 

0.  *0* 

0  .4fl8 

0.597 

0 , 4  0  5 

5l ,  6 o 

1.06 

0.?57 

0.448 

0 .5no 

0,42? 

35,85 

1 .05 

0 . 79 § 

0.487 

0.413 

0,440 

20,98 

1  .04 

0.«34 

0 , 3  2  7 

0,337 

0,445 

6,55 

1  .03 

0.843 

0.545 

0 . 3  0  6 

0,445 

•  0  I  0  0 

1.03 

0.864 

0.566 

0,272 

0,445 

•7,83 

1,02 

0.890 

0 ,6o5 

0.21  7 

0 ,441 

•??,51 

1.02 

0.91? 

0 ,645 

0.171 

0  ,434 

•  3  7  ,  A  o 

1,02 

0 . 930 

0 , 684 

0.133 

0,425 

-54, o3 

1,01 

0.945 

0.724 

0.102 

0,415 

•71,51 

1,01 

0.958 

0,763 

0.077 

0,404 

•9n ,59 

1.01 

0 . 969 

0 ,8o3 

0.056 

o  .393 

•111 ,66 

1.01 

0.977 

0.84? 

0.039 

0 ,381 

•135,1 4 

1.00 

0,983 

0.68? 

0 . 026 

0,369 

•161,52 

1.00 

o  .  991 

0.921 

0.015 

0,356 

•191,16 

1.00 

0 . 996 

0.961 

0,0^7 

0,^47 

•225,12 

1.00 

1,000 

1.000 

•0 , OHO 

0,336 

•  264  ,  i  5 

1.00 
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SPALL  DYNAMICS 

HIGH  PRESSURE  LIMIT  ANALYSIS 


wavelength  « 

0,23714 

FEET 

MAY! MUM 

surfacf 

PYCURSION  • 

•0,01884 

FEET  PER  THOUSAND  PSf  SQUARED 

CLOSURE  PERTH  • 

0 ,66974 

FEET 

CLOSURE  TIME  • 

0  ,00*30 

SECONDS  PER  THOUSAND  PS! 

TIME 

spall 

surface 

SURFACE 

surface 

LOWER 

thickness  position 

velocity 

acceleration 

cavity 

{  IN  GEES) 

BOUNDARY 

0.000 

0.000 

0,000 

•2,000 

0.00? 

0.011 

0.017 

•1,819 

33()A,*5 

2.11 

0.00? 

0  e 022 

0,063 

•1 ,65o 

I84t,42 

1.67 

0 .01* 

0,033 

0.127 

*1 ,4  93 

1086, 55 

1,73 

n.027 

O.O^4 

C.2n3 

•1,346 

8fl  8 , 71 

1.64 

o  .e«i 

0.055 

0.287 

•1 ,209 

641,84 

1.57 

0.050 

0,066 

0.372 

•  1 , 0  Si 

53n  ,45 

1,51 

0.374 

0,077 

0.457 

•0,962 

«5fj  ,75 

1,46 

0.092 

0.088 

0,539 

•0,852 

3  9fl , 86 

1.42 

0.U2 

0,100 

0,616 

•0,749 

344,1 7 

1,39 

0.133 

0  .111 

0 , 686 

•  0 ,653 

-30  6,72 

1  ,36 

0.155 

0,122 

0.730 

•0,564 

275,98 

1,33 

0.177 

0,133 

0.806 

•0,481 

?5o,P7 

1.31 

0  ,  ?oo 

0,144 

0,855 

•0,404 

228,43 

1,28 

0,223 

0,155 

0,896 

•0 | 332 

209,63 

1.27 

0.247 

0,166 

C  ,9-30 

•0 ,266 

193,25 

1,25 

0.270 

0.177 

0.956 

-0,204 

178,83 

1,23 

0,294 

0,188 

0,976 

•  0 ,147 

166,04 

1,22 

0.317 

0,199 

0,990 

•0,094 

1.54,50 

1 , 2q 

0 . 340 

0,210 

0.998 

•  0 ,045 

144,26 

1  B  19 

0 . 364 

0,221 

1,000 

•0,000 

134,89 

1.18 

0,44? 

0,260 

0,974 

0,134 

107,69 

1,14 

0.515 

0,299 

0 , 9n8 

0,234 

86,74 

1.12 

0.58? 

0,338 

0,820 

0,308 

69,77 

1 ,1(3 

0.543 

0,377 

0,723 

0,361 

55,41 

1,08 

0.697 

0,416 

0,624 

0,398 

42,82 

1,06 

0.744 

0,455 

0,530 

0,423 

31,38 

1.05 

0.785 

0 ,494 

0,444 

0,438 

20,70 

1,04 

0.921 

0.53-3 

0 ,348 

0,446 

10,42 

1.03 

0.95? 

0,372 

0 , 3n  1 

0,448 

0,30 

1,03 

0.953 

0,573 

0.299 

0,448 

•  n,oo 

1.03 

0.979 

0,611 

0,243 

0,447 

•  9,90 

1,02 

0.902 

0 ,650 

0,194 

0,442 

•?0,37 

1,02 

0.922 

n  ,  688 

0.153 

0,435 

•3t  ,33 

l.Si 

0.939 

0  ,7?7 

0,119 

0 ,426 

•42,96 

1.01 

0.952 

0,766 

O.O’O 

0,417 

•55,46 

1,01 

0.964 

0,805 

0  ,  0  6  7 

0 , 4{j6 

•  69 , o  7 

1.01 

0.974 

0,844 

0,047 

0,396 

•84 ,  o i 

1,0  0 

0,48? 

0 ,8@3 

0,332 

0,385 

MOO, 57 

1,80 

0,989 

0  .  V*? 

0.019 

0,37-* 

•  1 1  9  ,  o  3 

1,99 

0. 495 

n  ,  961 

0 . 0  0  8 

0  ,  -363 

•139,75 

1,00 

1.000 

i  , noo 

0.000 

0,353 

•163,1  4 

1.00 

| 

1 
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M  A  X  1  6 U 14 


TIME 


C.000 
fl.no? 
n .  00? 
0,01* 
n.027 
fl .  0-H 
fi.cSO 

fl  .  O74 
fl  .  093 
n  .tis 
0.13* 
A, 15* 

A  .  17  9 
fl  ,?Oi 
0.?2« 
!).?<« 
n.m 

0.295 
0 . 3i8 

0.365 
n.439 
fl.509 
fl  ,  5  7  3 
0,632 

0.594 
9,731 
fl  .  77? 
A. 90» 
0 , 940 
0 , 9fc|) 
0.954 
0.99? 
fl  .  3 
0.930 
0.944 
0.959 
fl,97fS 
0.979 
0.987 
fl  .  994 
1  .000 


SPALL  DYNAMICS 

HIGH  PWFSS’JRE  LIMIT  ANALYSIS 


WAVELENGTH  « 

r>  i  3?  62  3 

SURFACE  excursion  * 

«G  .02506 

CLOSURE 

CEP 7-i  * 

0 ,8486? 

Cl-OSJRE  time  0 

0,00835 

spall 

SURFACE 

SURFACE 

YwiCf'NPSS 

PCS  I T ! ON 

VELOCITY 

0.000 

0,000 

-2,000 

fl  ,01? 

0, 01  7 

-1,619 

,1,023 

0,062 

-i , 65? 

A  ,033 

O.i?? 

.1, 495 

n  ,046 

0,2o3 

-1,34? 

fl.OS* 

0,266 

-1.210 

n ,  o?o 

0.372 

*  1 , 0  82 

f,  ,  u  *1 

0.457 

*  H ,964 

0 .093 

0,539 

-0 , 85-1 

A  ,105 

0.615 

-0 , 75 0 

0,115 

0,686 

-0,654 

A  .128 

0 , 750 

-0,565 

0,139 

0 , 8(16 

-0,482 

o  „i5i 

0,855 

-0 ,405 

0 ,1*3 

0.896 

-0,333 

0.174 

0,930 

-0,267 

0,185 

0,956 

•  0 , 2q5 

0,197 

0.976 

-0,l48 

0,?09 

0 . 990 

-0 , 095 

A.?21 

0 , 99b 

-0, fl45 

0,23? 

1,00  1 

-0 , DOO 

0.271 

0,977 

0,127 

0,3(l9 

0.917 

0,224 

0,347 

0.537 

0 ,297 

0.38& 

0,746 

0,351 

0,424 

0  t  652 

0,391 

0.463 

0,561 

0,418 

O,?0l 

0,476 

0,436 

0,539 

0,400 

0,44? 

n ,  37P 

0.331 

0,452 

fl  ,  6(5  4 

0,2«9 

0 ,452 

0 , 6l  A 

0.271 

0 ,452 

fl.655 

0,25  9 

0 , 450 

ft  ,693 

0,445 

0 .731 

0.137 

0,438 

0.770 

0 ,106 

0,430 

0 ,8pft 

0,37V 

0,421 

fl  ,  866 

0,057 

0,411 

0.885 

0  ,  Q38 

0,401 

0,923 

0  .  0?3 

0,391 

0.962 

0.010 

0,38? 

1.000 

0.000 

0,37? 

FEET 

fee?  *£9  thousand  psj  squared 

FEET 

SECONDS  PEP  TMOUSANn  PS  I 


surface 

lower 

acceleration 

CAVITY 

; IN  GEES) 

BOUNDARY 

a  *  •  *  *  *  * 

?4P4, 9? 

2.17 

1233,88 

1 ,9i 

Pi  6, 68 

1.77 

607,92 

1.47 

46>,S4 

1  .*0 

395, *5 

1  ,54 

338, R7 

1.49 

293,97 

1.44 

258,89 

1.41 

230,75 

1.38 

207,46 

1,35 

188,85 

1,32 

1 71,94 

1 . 3fl 

157,81 

1,28 

145,50 

1,26 

134,47 

1 .24 

125, n6 

1.23 

116,46 

1.21 

106,70 

1.20 

101, 67 

1.19 

82,14 

1.15 

67,76 

1.13 

54,95 

1,10 

44,60 

1,09 

35,34 

1.07 

27,o6 

1.06 

19,  36 

♦  ,05 

3,  7  ,  fl  3 

1,04 

4 , 89 

1,03 

*0,00 

1,03 

•2,72 

1.03 

-9,43 

1,02 

-16,66 

1,02 

-24,44 

1.01 

-32, «8 

1.01 

*41,71 

1.01 

-5? , ?7 

1.01 

•6t , 71 

1.00 

*73,19 

1.00 

-85,69 

l.oo 

•ion. fl3 

o 

o 

• 

r< 
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spall  dynamics 

HIGH  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTH  m 

0,42170 

FEET 

MAXI  MUM 

SURFACE 

EXCURSION  ■ 

”0  ,  03338 

FEET  PER  THOUSAND  PS  I  SQUARED 

CLOSURE  OEPTW  • 

1,07268 

FEET 

CLOSURE  TIME  ■ 

0,01104 

seconds  per  THOUSAND  PS! 

THE 

SPALL 

surface 

surface 

surface 

LOWER 

thickness  position 

VELOCITY 

acceleration 

cavity 

( IN  GEES) 

bOUNDARV 

0 .000 

0,000 

0,000 

•2 , 0  J 0 

n.oo? 

0.012 

0,017 

-1 , 820 

1868,85 

2,?3 

0,00? 

0 ,024 

0,042 

•1,651 

927,97 

1.96 

0,014 

0 ,037 

0.126 

•1,494 

614,29 

1,«1 

0 .02? 

0.049 

0,204 

•1 , 340 

457,34 

1,71 

0.041 

0,061 

0,286 

•1,211 

363,18 

1,63 

0.057 

0,073 

0,371 

•1,004 

300,16 

1.56 

0,074 

0,086 

0,456 

•0,965 

255,14 

1,51 

0.093 

0.098 

0.538 

•0 , 855 

221 , 31 

1.47 

0 . 113 

0,110 

0,615 

•0,751 

194,94 

1,43 

0.134 

0,12? 

0,685 

•0,655 

173,78 

1,39 

0,156 

0 ,13< 

0,749 

■0,566 

156,42 

1,37 

0.179 

0,147 

0,«05 

•0,483 

141,90 

1.34 

o.?o? 

0,159 

0.854 

•0 , 4o6 

129,37 

l,3i 

0.223 

0,171 

0,095 

.0,334 

110,95 

1.29 

0.249 

0,103 

0,«?9 

•0,267 

109,70 

1.27 

0.273 

0,196 

0,936 

•0,20* 

101,36 

1.26 

0,294 

0 ,20« 

0,976 

•0 ,148 

94,33 

1,24 

0  .  320 

0,220 

0.990 

•0,095 

87,87 

1.2? 

0.343 

0,23? 

0.997 

•  0 , 0  46 

82,04 

1,21 

0.36? 

0.244 

1,000 

0 ,000 

76,75 

1.20 

0.437 

0.282 

0,979 

0.120 

63,  o5 

1,16 

0 . 303 

0 ,32o 

0.926 

0,214 

52,23 

1,14 

0.564 

0.358 

0,852 

0,287 

43,32 

1,11 

0.421 

0,396 

0.760 

0,342 

35,73 

1,09 

0.472 

0.433 

0 , 630 

0,383 

29,00 

1,00 

0,71$ 

0.471 

0,592 

0,412 

23,07 

1.07 

0.755 

0 ,509 

0,509 

0,433 

17,53 

1,05 

0.794 

0.547 

0.433 

0,446 

12,28 

1.04 

0.823 

0,504 

0  1 3  6  3 

0,454 

7,22 

1 , 04 

0 . 856 

0.62? 

0.301 

0,458 

2,25 

1.03 

0.368 

0,639 

0.276 

0,458 

0,00 

1 , 03 

0  .  381 

0,660 

0.247 

0,457 

•  2,74 

1,02 

0  »  9<J  3 

0,698 

0,199 

0,455 

•  7,81 

1.02 

0.922 

0,736 

0.150 

0,450 

•  1 3 , 0  4 

1 , 02 

0,939 

0.773 

0,1?3 

0,443 

•  1 0 , 3  0 

1,01 

0.953 

0 , 811 

0.0«3 

0,436 

•24,27 

1 . 01 

0,963 

0,849 

0  .0*6 

0,428 

•  3  o  ,  4  2 

1 . 01 

0.976 

0,807 

0.046 

0,419 

•  37, o  4 

1 .00 

0.983 

0,924 

0,029 

0 , 4Q 9 

•44,21 

1,00 

0.993 

0 , 962 

0.013 

0 ,400 

•  5  2, o  5 

1.00 

1,000 

1  .000 

•  0 .000 

n  ,391 

•00 , 44 

1.00 
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SPALL  DYNAMICS 

HIGH  PRESSURE  LIMIT  ANAL  Y*!  I  5 


WAVELENGTH  • 
MAXIMUM  SURFACE  EXCURSION  « 
CLOSlIRF  nE»TW  * 
CLOSURE  TIME  ■ 


0,56234  FEET 

*0 i 0 44 4 o  FEET  PE*  THOUSAND  RSI  SQUARED 
1,35239  FEET 

0,01*58  SECONDS  PER  THOUSAND  PS! 


TME 

SPALL 

thickness 

SURFACE 

POSITION 

ft  ,  00  0 

0,000 

0.000 

o  .no? 

n  ,oi3 

0.017 

n ,  OflT 

0.026 

0.0*2 

0,01* 

0.03O 

O.l?6 

0.027 

0,052 

0.202 

0 .0*1 

0,064 

0.2«5 

0.057 

0.077 

0,370 

0.074 

n  ,o9n 

0.455 

0.0*3 

0 .103 

0.537 

0.11* 

0,116 

0.61* 

0,135 

0,129 

0.684 

0.157 

0,142 

0.748 

0.180 

0.155 

0.805 

0.203 

0,167 

0.854 

0.?2* 

0.180 

0.895 

0.250 

0,193 

0.929 

0.274 

0  .  ?fl6 

0,956 

0.295 

0.219 

0,976 

0.322 

0.232 

0.990 

0.345 

0.245 

0.997 

0,369 

0.258 

1.000 

0.433 

0.295 

0.982 

0.497 

0.332 

0.934 

0.555 

0.369 

0,867 

0.510 

0 ,406 

0.789 

0,560 

0.443 

0  ,70  7 

0.705 

0 ,480 

0,653 

0.745 

0.517 

0.542 

0.782 

0.555 

0 ,467 

0.913 

0.592 

0.397 

0.944 

0.629 

0,333 

0.570 

0 . 666 

0.276 

0.879 

0,679 

0,258 

0.993 

0,703 

0.226 

0,914 

0.740 

0,181 

0,931 

0,777 

0,143 

0.947 

0,814 

0.109 

0.961 

0.852 

0.090 

0.973 

0.889 

0.057 

0.983 

0.926 

0.034 

0.992 

0,963 

0,01* 

1  .000 

1  .000 

•0.000 

SURFACE 

SURFACE 

lower 

velocity 

ACCELERATION 
( IN  GEES) 

CAVITY 

BOUNDARY 

-2,000 

2,-30 

-1,820 

1406,30 

-1 , 653 

698,54 

462,52 

2.02 

-1,496 

1,86 

-1,350 

344,42 

t.7’ 

-t,2l3 

273,49 

1.66 

•1,086 

226, l5 

1.60 

-0,967 

192,27 

I.’4 

-0,857 

166,82 

1.49 

-0,754 

146,98 

1.45 

-0,658 

131 ,06 

1.42 

-0 , 568 

118,00 

1,39 

-0 , 485 

107,07 

1,36 

-  0 , 4  0  ® 

97,79 

1,33 

-0,336 

89,80 

l,sl 

.0,269 

82,85 

1,29 

•  0 , 20  7 

76,72 

1.27 

-0,149 

71,29 

1.25 

•0,095 

66,42 

1.24 

**0,046 

62,  n4 

1.22 

0,000 

5e,o7 

1.21 

O.ll4 

48,39 

1.17 

0,205 

4o,64 

1.15 

0,276 

34,21 

1.12 

0,331 

28,70 

1,10 

0,374 

23,87 

1,09 

0,406 

19,52 

1,07 

0,429 

15,52 

1.06 

0,446 

11 , 76 

1,05 

0  ,  456 

8, 1  7 

1.04 

0,462 

4, 67 

1.04 

0 , 465 

1,20 

1 .  03 

0  ,  465 

•  0 , 0  0 

1,03 

0,464 

•2 ,  ?7 

1.02 

0 ,462 

•  5,51 

1,02 

0  ,  457 

-9,45 

1.01 

0,452 

•13,25 

1.01 

0,445 

-17,24 

1.31 

0 ,437 

•21,47 

1,01 

0,429 

•25,98 

1.00 

0,421 

•30,84 

1.00 

0,412 

•36,10 

1  .00 
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SPALL  DYNAMICS 

HIGH  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTH  ■  0.74989  FEET 

MAXIMUM  SURFACE  FXCUPSION  •  -0. 05«0fi  FEET  PEP  THOUSAND  PS!  SQUARED 

CLOStlPF  DEPTH  ■  1.70029  FEET 

CLOSURE  TIME  n  0.01919  SECONDS  PER  THOUSAND  PST 


TIME 

spall 

THICKNESS 

SURFACE 

POSITION 

surface 

VELOCITY 

surface 

ACCELERATION 
( IN  GEES) 

LOUER 

cavity 

houndary 

0.000 

0  ,000 

O.GOQ 

•  2 ,0  00 

******* 

0,00? 

0,018 

0 ,01  7 

-1,821 

1*59,42 

2.38 

0.007 

0.027 

0  .  062 

•1 ,654 

526,48 

2.08 

0,018 

0,081 

0.122 

•1,498 

343,49 

1,91 

0,027 

n  ,o58 

0.201 

-1,352 

259,73 

1,79 

0,041 

0 ,068 

0.284 

-.1,216 

206,30 

1,70 

0  .  057 

0,082 

0 , 369 

-1 , 089 

1 70 , 64 

1.63 

0,075 

0,095 

0.854 

-0,970 

145,12 

1.57 

0.094 

0.109 

0.536 

-0 ,860 

125,95 

1.52 

0,114 

0  ,122 

0.612 

•  0 ,756 

111,01 

1,88 

0 .135 

0,138 

0 , 683 

•0,660 

99, o2 

1,88 

0,155 

0 ,150 

0.747 

-0,571 

89 , 1  8 

i.«i 

0,181 

0.163 

0,8fl4 

-0,487 

30 , 95 

1,38 

o.?o« 

0,177 

0.853 

*0,410 

73,96 

1.35 

0.228 

0,190 

0.894 

•0,338 

67,95 

1,33 

0.?5? 

0 ,208 

0.979 

•  0 ,270 

62,71 

1.30 

0.278 

0,218 

0,956 

-0,208 

58,10 

1,28 

0,300 

0,231 

0.976 

-0,150 

54,00 

1.27 

0.324 

0.245 

0.990 

- 0 , 0  96 

50,34 

1,25 

0.348 

0,258 

0.997 

•0 ,046 

47,f)4 

1.23 

0.372 

0.272 

1,000 

•0,000 

44, 05 

1.22 

0.833 

0  ,3f)8 

0.984 

0,10* 

37,73 

1,18 

0.892 

0.345 

0.942 

0,195 

3l,7o 

1,16 

0.548 

0,381 

0.882 

0,265 

27, o7 

1,13 

0,800 

0 ,818 

0,810 

0,321 

23, 09 

1,11 

0.848 

0,854 

0.733 

0,365 

19,58 

1,10 

0.892 

0 ,490 

0,654 

0,399 

16,43 

1,08 

0.733 

0,527 

0,576 

0,425 

13,54 

1,07 

0.769 

0  .563 

0.501 

0,444 

10,84 

1,06 

0.592 

0  ,600 

0,431 

0,458 

8,78 

1,05 

0.832 

0 ,636 

0,366 

0,467 

5,81 

1.08 

0.859 

0,672 

0 ,3fl7 

0,472 

3,39 

1,03 

0.883 

0.709 

0.258 

0,474 

0,99 

1,03 

0.892 

0.724 

0.238 

0,475 

0,00 

1.03 

n,905 

0.745 

0 , 2o6 

0,474 

-1,42 

1,02 

0,924 

0,782 

0.164 

0,472 

-3,87 

1,02 

0.941 

0.818 

0,127 

0,468 

•  6,39 

1,01 

0.958 

0,854 

0.094 

0,463 

-8,99 

1.01 

0.969 

0 .891 

0 .065 

0,458 

-11,72 

1,01 

0,981 

0.927 

0.040 

0,451 

•14,59 

1.00 

0.991 

0.964 

0,01  9 

0,444 

-17,63 

1.00 

1  ,000 

1  .000 

0,000 

0,436 

»20 , 87 

1.00 
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SPALl,  DYNAMICS 

HIGH  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTH  , 

1  .  0  0  0  0  0 

FEET 

maximum 

SURFACE  EXCURSION  a 

-0 i 0  783 1 

feet  oer  thdus 

anu  psi  squared 

CLOSURE 

DEPTH  a 

2,13135 

FEET 

CLOSURE  TIME  a 

0 ,02519 

SECONDS  PER  THOUSAND  psi 

TIME 

SPALL 

SURFACE 

SURFACE 

surface 

LOWER 

THICKNESS 

POSITION 

velocity 

ACCELERATION 

CAVITY 

<  IN  GEES } 

BOUNDARY 

ft  .  000 

0,000 

0,000 

*2,000 

n .  no? 

0,014 

0.017 

*1 , 822 

7  9  9  ,  A  Q 

?.46 

o.oo* 

0.029 

0.041 

.1 , 656 

397,43 

2,15 

o.m* 

0 ,043 

0,125 

•1,500 

263,31 

1.97 

0.02* 

0  ,  058 

0,200 

*1,355 

194,21 

1.84 

o.o*i 

0 ,072 

0.283 

*1,219 

155,91 

1.75 

0 . 057 

0 ,084 

0,368 

*1 , q92 

129,01 

1,67 

ft.075 

0 .101 

0,452 

*0,974 

109,76 

1.61 

n.o94 

0.115 

0.534 

*  0 , 863 

95,30 

l.*5 

n.il* 

0.129 

0 .61 1 

•0,760 

84, n3 

1.51 

0.134 

0.144 

0 ,682 

•  0 ,664 

74,9b 

1.47 

0.159 

0.158 

0.746 

-0,574 

67,56 

1,43 

0.182 

0,173 

0 , 80  3 

•0,491 

61,36 

1,40 

0.?05 

0,187 

0.852 

•0,413 

56,09 

1.37 

0.229 

0.201 

0.894 

•0,340 

51,55 

1,35 

0.?5< 

0.?16 

0.928 

•0,273 

47,40 

1.32 

0,27* 

0  ,?30 

0.955 

•0,210 

44,52 

1.30 

0.3q2 

0.245 

0.975 

-0 ,151 

41,04 

1,28 

0.324 

0,259 

0.989 

•  0 , 0  97 

38,28 

1.26 

0.351 

0.273 

0.997 

•  0 , 0  47 

35,79 

1.25 

0.375 

0,288 

1,000 

0,000 

33,54 

1.23 

0.433 

0.323 

0,986 

0,102 

20,74 

1.20 

0.488 

0,359 

0,949 

0,185 

24,81 

1.17 

0.541 

0,395 

0 . 895 

0,254 

21,48 

1.14 

0.591 

0.430 

0.83  0 

0,310 

15,60 

1,12 

0.437 

0,466 

0.758 

0,356 

14 ,  n  7 

1.11 

0 , 480 

0.501 

0.683 

0,392 

13,78 

1.09 

0.720 

0.537 

0 , 6q  9 

0,420 

11 , 70 

1.08 

0.754 

0.573 

0,536 

0,442 

9,76 

1 . 0  7 

0 , 790 

0 ,608 

0,466 

0,459 

7,92 

1,06 

0.820 

0,644 

0.401 

0,471 

6,1  7 

1,05 

0.845 

0.679 

0,340 

0,479 

4,47 

1.04 

0.871 

0,715 

0,284 

0,484 

2,80 

1,03 

0.895 

0.751 

0,234 

0,487 

1 .15 

1.03 

0.909 

0,775 

0,201 

0,487 

•  n,no 

1,02 

0 , 915 

0.786 

0.188 

0  ,487 

"0  1  51 

1.02 

0.934 

0.822 

0.147 

0,486 

•2,70 

1.02 

0.950 

0.858 

0,110 

0,483 

•3,92 

1.01 

0.965 

0,893 

0,077 

0,479 

•  5,49 

1.01 

0.978 

0.929 

0.048 

0,474 

•  7,53 

1 .01 

0,990 

0.964 

0 . 0  ?3 

0,469 

•  9,45 

1.00 

1.000 

1,000 

0,000 

0,463 

•11,48 

1.00 
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SPALL  DYNAMICS 

HIGH  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTH  m 

1,33352 

feet 

MA XI  MUM 

SURFACE  EXCURSION  ■ 

•0  »lo38o 

FEET  PER  THOUSAND  PS!  SQUARED 

closure 

DEPTH  « 

2,66329 

FEET 

CLOSURE  TIME  • 

0,03295 

seconds  per  thousand  psi 

TIME 

spall 

SURFACE 

SURFACE 

surface 

LOWER 

thickness 

POSITION 

VELOCITY 

ACCELERATION 

cavity 

( IN  GEES) 

boundary 

0,000 

0,000 

0  ,  0  0  0 

•2,000 

•**»#«** 

0,00? 

0.01* 

0.017 

•1,823 

604,54 

7,56 

n.oo* 

n.oSo 

0.061 

•1,650 

300,62 

2.22 

n,oi§ 

0,046 

0.124 

•1,503 

199,27 

2,03 

0.02* 

0,061 

0.199 

•1,359 

145,56 

1.90 

0 , 042 

0,076 

0.291 

•1,223 

110,10 

1.8fl 

n,05* 

0,051 

0,366 

r»  1 , 0  9  7 

97,77 

1.71 

0 ,  07* 

0,107 

0,450 

•0,979 

83,73 

1,65 

0,05* 

0,122 

0,532 

•0,868 

72,30 

1,59 

0,11* 

0,137 

0,609 

•0,765 

63,79 

1.54 

0.137 

0,152 

0,680 

• 0 ,668 

56,95 

l.’O 

0.160 

0,16* 

0,744 

•0,579 

51,35 

1,46 

0,183 

0,183 

0,801 

•0,495 

46,66 

1 ,  *2 

0.30* 

0,158 

0.851 

•0,416 

42,68 

1.39 

0,231 

0,213 

0 , 893 

•0 , 343 

39,75 

1.37 

0.256 

0,228 

0,927 

•0,275 

36,77 

1.34 

0,280 

0.244 

0.955 

•0,212 

33,64 

1.32 

0.30  5 

0,259 

0,975 

•  0 , 1 53 

31,31 

1.30 

0.329 

0.274 

0,989 

• 0,0*8 

29,23 

1,28 

0.354 

0,289 

0,997 

•  0 , 0  47 

27,35 

1,26 

0.37* 

0 , 3fl  5 

1,000 

0,000 

25,65 

1.24 

0**33 

0.339 

0,988 

0  , 0  96 

22,29 

1,21 

0.485 

0.374 

0,955 

0 , 1  76 

19,49 

1.18 

0.535 

0  ,  *0 9 

0,907 

0,244 

17,11 

1,16 

0.582 

0.444 

0.848 

0,300 

15,0* 

1.14 

0,627 

0,478 

0,782 

0,346 

13,70 

1,12 

0.669 

0,513 

0,712 

0,384 

11,55 

1,10 

0.70* 

0,548 

0.641 

0,415 

10 ,64 

1,09 

0.744 

0,*83 

0.570 

0 ,44o 

8,64 

1,07 

0,777 

0,619 

0,501 

0,460 

7,33 

1,06 

o.*o* 

0,452 

0.436 

0,475 

6,08 

1.05 

0.936 

0,687 

0,374 

0,486 

4,80 

1,04 

0 .  *62 

0,722 

0,316 

0,495 

3,71 

1,04 

0,*86 

0,757 

0,262 

n,5oo 

7,57 

1,03 

0.’07 

0.791 

0,213 

0,503 

1,43 

1,02 

0,527 

0,826 

0,168 

0,504 

0,79 

1,02 

0.531 

0,835 

0.157 

0.5Q4 

0,00 

1,02 

0.944 

0 . 861 

0.127 

0,504 

•  0  1  86 

1,01 

0 . 960 

0.896 

0.090 

0,502 

•2, "2 

1.01 

0.975 

0.930 

0,057 

0,500 

•3,?2 

1.01 

0 . 989 

0.965 

0.0?7 

0,496 

•  4,45 

1,00 

1.000 

1  .000 

0 .000 

0,491 

•  5,72 

1.00 
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SPALL  DYNAMICS 

HIGH  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTH  « 

maximum  SURFACE  excursion  » 

CLOSURE  OEPTW  . 
CLOSURE  TIME  « 


1,77828  FEET 

•0.13732  FEET  PER  THOUSAND  PSI  SQUARED 
3  *  3 1 6 9 o  FEET 

0 ,0  42  90  SECONDS  PER  THOUSAND  pS I 


TIME 


SPALL 


SURFACE 


SURFACE 

velocity 


surface 

ACCELERATION 


LOWER 

cavity 


(IN  GEES) 

BOUNDARY 

0.000 

0.000 

0  .  0  0  D 

•2,000 

458,19 

7,*7 

ft  ,  00  2 

0.016 

0.017 

•l , 825 

0  . 00  5 

ft  ,032 

0.0*0 

•1,661 

227,98 

?,3l 

0.01* 

0 , 0  48 

0,123 

.1,507 

151,21 

2.10 

O  i  020 

0 ,065 

0.197 

-1,364 

112,80 

1,96 

n  't  o** 

0,081 

0,279 

.1,229 

89,74 

1,85 

O  .  05S 

0,097 

0.363 

•  1 , 1 0  3 

74,34 

l.7* 

0.074 

0,113 

0,448 

•0,985 

63,32 

1.49 

0 .094 

0,129 

0.529 

.0,874 

55, 05 

1,63 

o.ll* 

0,145 

0.606 

•0,771 

48,60 

1,58 

ft  .138 

0,161 

0.677 

•0,674 

43,42 

1,53 

0.161 

0,178 

0,742 

•0,584 

39,18 

1,49 

0,185 

0,194 

0.799 

•0,500 

35,63 

1.85 

o',?0» 

0,?10 

0.849 

.0,421 

32,42 

1.82 

ft,?33 

0,226 

0,891 

•  0 , 348 

3o  ,  02 

1.39 

0  j  258 

0  i  242 

0.926 

-0,279 

27,76 

1.36 

0.283 

0,258 

0.954 

•0,215 

25,78 

1,34 

ft. 30S 

0,274 

0.975 

-0,155 

24,01 

1,32 

ft,  333 

0.291 

0.989 

•0,100 

22,44 

1.29 

0.355 

0 , 3fl  7 

0.997 

•0 ,o48 

21, 02 

1.2® 

0.382 

0.323 

1 ,000 

•0,000 

19,73 

1,26 

0,433 

0,357 

0,989 

o  ,o9o 

17,38 

1,22 

ft ,  482 

0,391 

0.941 

0 ,168 

15,40 

1.20 

0 , 53g 

0,424 

0.918 

0,234 

13,69 

1.17 

ft.  375 

0,458 

0,845 

0,290 

12,20 

1.15 

0  .*1* 

0,492 

0 ,8ft4 

0,337 

10  .  87 

1.13 

ft. *58 

0 . 526 

0.739 

0,377 

9,68 

1.11 

0,*9* 

0,560 

0.671 

0  ,410 

8,59 

1 .10 

0.732 

0.594 

0 , 6o  3 

0  ,438 

7,58 

1.08 

0.765 

0.628 

0,536 

0 ,461 

6,63 

1 .07 

0.794 

0.661 

0.471 

0,479 

5,74 

1,06 

0,523 

0.695 

0,408 

0,494 

4,89 

1,05 

0.952 

0.729 

0,348 

0 ,505 

4  ,  0  6 

1,04 

0.974 

0,763 

0,292 

0,514 

3,26 

1 ,  04 

ft  .  999 

0,797 

0.239 

0,520 

2 , 48 

1,03 

0.919 

0.831 

0.191 

0,524 

1  ,  70 

1.02 

0.939 

0.865 

0.146 

0,527 

0 , 93 

1,02 

0.95$ 

0,898 

0.104 

0,527 

0  ,  1  5 

1.01 

0 , 959 

0 , 90  5 

0.097 

0,527 

0  ,00 

1.01 

0.972 

0.932 

0.066 

0  ,527 

•0,64 

1  ,  01 

0,987 

0 , 944 

0 ,031 

0,526 

•1,43 

1.00 

1.000 

1.000 

0,000 

0,523 

•  2  ,  ?  5 

1.00 
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spall  dynamics 

HIGH  PRESSURE  LIMIT  ANALYSIS 


MAXI  MUM 

3URFACF 

wavelength  • 

EXCURSION  • 

2.37137 
•0  #18122 

closure  depth  ■ 

4,11643 

CLOSURE  T I MF  « 

0,05556 

time 

spall 

SUHFACfc 

SURF  ACE 

thickness  position 

velocity 

0.000 

0,000 

0.000 

•2,000 

0.00? 

0.017 

0.01* 

•1,827 

0.303 

n,o34 

0.059 

•1,665 

0,016 

n,05l 

0.121 

•1,513 

0,023 

0,069 

0.195 

•1 ,37q 

0,042 

0,086 

0.276 

•1,236 

0,055 

0.103 

0.360 

•1,110 

0,077 

0,120 

0,444 

•0,993 

•0,862 

0,096 

0.137 

0.526 

0,117 

0,154 

0,603 

•0,779 

0.140 

0,171 

0.674 

•0,682 

0.161 

0,188 

0.739 

•0,592 

0,186 

0 ,206 

0.797 

•  0 , 5  0  7 

n,?u 

0.223 

0.847 

•0,427 

0.236 

0,240 

0.890 

•  0 , 353 

0.261 

0,257 

0.925 

•0,284 

0,286 

0,274 

0,953 

•0,219 

0  ,  HI 

0,291 

0,974 

•0,158 

0,337 

0,308 

0,989 

•0,102 

0.362 

0,325 

0.997 

•  n  ,049 

0.387 

0.343 

1.000 

•0,000 

0 . 435 

0,373 

0,991 

0 ,005 

0.481 

0.40» 

0,966 

0,159 

0.326 

0,441 

0 , 928 

0  ,224 

0.569 

0.474 

0.8«0 

0 ,280 

0,610 

0,307 

0.825 

0 ,328 

0.649 

0,540 

0,764 

0,370 

n  .686 

0,573 

0.7pl 

0  ,406 

0.721 

0 , 6q6 

0 . 635 

0 ,436 

0.754 

0,638 

0.570 

0  ,  462 

0.785 

0 ,671 

0 ,5o5 

0 ,483 

0.314 

0 , 7q 4 

0.442 

0,501 

0.341 

0.737 

0.381 

0,516 

0,867 

0,770 

0.322 

0,528 

0.890 

0.803 

0.267 

0,538 

0.91? 

0,836 

0,214 

0,545 

0.933 

0.369 

0,16b 

0,551 

0.952 

n,9ol 

0.119 

0,554 

0.969 

0,934 

0.076 

0,557 

0.985 

0,967 

0.037 

0,558 

0.993 

0 . 988 

0.013 

0 , 558 

1,000 

1,000 

o .  ono 

0 , 558 

SURFACE 
ACCELERATION 
(  IN  GFES) 


348.X3 

173,46 

115,14 

85,96 

68.44 

56.75 

48.38 
42,1  0 
37, >0 

33.27 
3  0  *  0  5 
27,35 

25, 06 

23,19 

21.38 
19,87 
18,53 
17,34 

16.76 

15.28 
13,64 
12,74 
11 , 02 

9,95 

5,99 

8,13 

7,34 

6,40 

5,92 

5.98 
4 , 47 
4 ,  n  9 
3,53 

2.98 

2.44 
It  91 
1  t  39 
0  ,  *6 
0,33 
0,00 

•0,70 


LOWER 

CAVITY 

boundary 


2,79 

2,«1 

2,18 

2,03 

1,91 

1.82 

l.H 

1.87 
1.62 
1.57 
1,52 
1  ,48 
1.45 
1.42 
1.39 
1,36 
1,34 
1.31 
1,29 
1.27 
1.24 
1.21 
1  ,19 
1.16 
1  .14 
1,12 
1  .11 
1 ,09 
1 .08 
1 ,07 
1 ,06 
1 ,05 
1,04 
1.03 
1  ,03 
1.02 
1,01 
1  ,01 
1.00 
l.oo 
1  .00 
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MAX! HUM 


TIME 


n .  ooo 
0.002 
0,009 
0.01* 
0,029 

0,042 

0 , 0  5  9 
0.077 
0,097 
0,119 
0.141 
0,164 
0,188 
0.219 

0.238 

0.264 

0.289 

0.315 

0.341 

0.367 

0.391 

0.437 

0.480 

0.523 
0,564 
0 . 6(j3 
0.641 
0,677 
0.711 
0.744 
0.775 
0.804 
0,83? 
0.953 
0,38? 
0.905 
0.927 
0,947 
0,964 
0 . 984 
1,000 


SPALL  DYNAMICS 

HIGH  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTH  ■  3,16228  PEE T 

SURFACE  EXCURSION  ■  -0,23842  PEET  PER  THOUSAND  PSI  SOUARED 

CLOSURE  DEPTH  ■  5,00998  PEET 

CLOSURE  TIME  «  0,07153  SECONDS  PER  THOUSAND  PSI 


spall  surface  surface  surface  lower 

thickness  position  velocity  acceleration  cavity 


0.000 

0,000 

•2,000 

n,  oifi 

0.016 

•1 , 830 

0.036 

0.059 

•  1 , 67  o 

n .  055 

0,119 

•  1  ,519 

0,  073 

0,193 

-1,378 

0,091 

0,273 

-1,245 

O.lo9 

0.357 

•  i  ,l2n 

0.127 

0.44Q 

•1 .  OO3 

0,145 

0.522 

-0 , 892 

0.164 

0.599 

-0,789 

0.182 

0.670 

•0 ,692 

0,?C0 

0.736 

-0,601 

0,2l« 

0.794 

•0 , 515 

0.236 

0,845 

-0.435 

0.254 

0.888 

•0 ,360 

0.273 

0,924 

-0,290 

0,291 

0.952 

-0,224 

0.309 

0.974 

-  0  ,  l62 

0.327 

0,969 

*0,105 

0.345 

0,997 

-  0 , 050 

0,363 

l,  ooo 

0  ,  000 

0,395 

0,992 

0,081 

0.427 

0,970 

0,152 

0,459 

0.937 

0,215 

0.491 

0.894 

0.843 

0,271 

0,523 

0,320 

0.554 

0.787 

0  ,364 

0,586 

0,728 

0,401 

0,618 

0,666 

0 ,6n2 

0  ,  434 

0,650 

0  ,  463 

0,682 

0.538 

0,488 

0.714 

0.475 

0,510 

0,745 

0.413 

0,528 

0,777 

0.353 

0,543 

0,«09 

0.295 

0,556 

0,841 

0,239 

0,567 

0.873 

0.186 

0,576 

0, 9q5 

0,135 

0,583 

0,936 

0,087 

0 , 589 

0 , 968 

0.042 

0,593 

1.000 

-o , ono 

0,596 

(  IN  GEES )  BOUNDARY 


?65,a2 

2.93 

132,31 

2,52 

8  8  ,  ft  5 

2,28 

65,81 

2.11 

52,45 

1,98 

43,53 

l.«8 

37, i6 

1.00 

32,37 

1.72 

28,63 

1  .66 

25,64 

1  .61 

23,18 

1,56 

21, 13 

1,52 

19,39 

1.48 

17,89 

1.45 

16,38 

1 .41 

15,43 

1.39 

14,42 

1.36 

13,51 

1,33 

12,69 

1.3l 

11,94 

1.29 

10,80 

1  .26 

9,50 

1,23 

8,94 

1.20 

8 , 1  6 

1.18 

7,47 

1.16 

6,65 

1.14 

6,27 

1,12 

5,74 

1  ,11 

5,25 

1,09 

4,79 

1 .08 

4,35 

1,07 

3,93 

1.06 

3,53 

1.05 

3 , 1  5 

1  .04 

2,77 

1  ,03 

?,40 

1.02 

2 ,  ft  4 

1,02 

1,69 

1  ,01 

1  ,  33 

1,01 

0,98 

1  .00 
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SPALL  DYNAMICS 

HIGH  PRESSURE  LIMIT  ANALYSIS 


HAY  I  HUH 

SURFACE 

WAVELENGTH  0 
EXCURSION  « 

4,21697 
•  0  #31244 

FEET 

FEET  PER  THOUSAND  PSI  SQUARED 

CLOSURE  DEPTH  0 
CLOSURE  TIME  ■ 

6,26985 

0.0^144 

FEET 

SECONDS  PER  THOUSAND  PSI 

TIME 

SPALL 

surface 

SURFACE 

surface 

LOWER 

thickness  position 

velocity 

ACCELERATION 

cavity 

0.000 

0,000 

0,000 

•2,000 

( IN  GEES) 

BOUNDARY 

0.002 

0,019 

0.016 

•1,833 

2  0  3 , 7  9 

3.09 

O.OOS 

0 . 039 

C.057 

•1,676 

101.72 

2,64 

0.012 

0,058 

0.117 

•1,527 

67,60 

2,38 

0,028 

0.077 

0,189 

■1,388 

50,65 

2.20 

0.043 

0,096 

0,269 

-1,256 

40,42 

2,06 

0,05? 

0,116 

0.352 

•1,132 

33,60 

1,95 

0,078 

0,135 

0,435 

•1,015 

28,72 

1,86 

0,098 

0,154 

0.516 

-0,905 

25, n5 

1,78 

0,119 

0,173 

0,594 

-0,802 

22,19 

1,72 

0,14? 

0,193 

0,666 

-0,704 

19,90 

1  ,66 

0,166 

0,212 

0.731 

•0,613 

18, 02 

1.60 

0.195 

0,231 

0,790 

•0,526 

16,45 

1.56 

0.215 

0,25o 

0,841 

*0 , 445 

15,12 

1,52 

0.?41 

0.270 

0 , 885 

-0,369 

13,97 

1.48 

0.262 

0,289 

0,922 

•0,297 

12,97 

1.44 

0.293 

0,308 

0,951 

•0,230 

12,10 

1 .41 

0.320 

0,327 

0,973 

•0,167 

11,32 

1.38 

0.344 

0,347 

0,988 

•0,108 

10,62 

1.36 

0,372 

0 , 366 

0.997 

•0,052 

10,00 

1,33 

0.399 

0.385 

1.000 

•0,000 

9, 43 

1 ,3i 

0 . 44g 

0.416 

0.993 

0  .  0  7  7 

8 1  43 

1.28 

0.481 

0.447 

0.974 

0,146 

7,92 

1.25 

0.321 

0.477 

0,944 

0,208 

7,30 

1.22 

0.560 

0.503 

0,9f)6 

0,263 

6,75 

1 .20 

0.397 

0,539 

0,860 

0,313 

6,?5 

1,17 

0 , 63  < 

0,570 

0,808 

0 , 358 

5,60 

1.15 

0  .  669 

0.600 

0.753 

0,398 

5,38 

1.14 

0 , 70  2 

0.631 

0.694 

0  ,  4  34 

5,00 

1,12 

0.735 

0,66? 

0,632 

0,466 

4,64 

S  .  1 0 

0.763 

0,693 

0.570 

0,494 

4,30 

i  .  09 

0,793 

0,723 

0 , 5n  7 

0,519 

3,98 

1,08 

0.823 

0,754 

0.445 

0,541 

3,68 

1.07 

0.349 

0,785 

0,383 

0,560 

3,40 

1.05 

0.875 

0,816 

0.323 

0,577 

3,12 

1 .  05 

0.899 

0.844 

0.264 

0,591 

2,66 

1 . 04 

0.921 

0,877 

0.2f)6 

0 , 604 

2,60 

1 ,  03 

0.943 

0 , 9q8 

0,151 

0,615 

2,35 

1 .  02 

0.963 

0.939 

0.099 

0,624 

7,10 

1,01 

0,98? 

0,969 

0.048 

0 ,632 

1,86 

1,01 

1.000 

1 .000 

•0.000 

0,638 

1,62 

1.00 
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SPALL  DYNAMICS 

HJGW  PM=SSUPE  LIMIT  ANALYSIS 


WAVE 

LENGTH  a 

5,62341 

FEET 

MAY  I  MJM 

SUPFACE  EXCURSION  • 

*  0  i  4  g  7  4  6 

FEET  PEP  THOUSAND  PS!  SQUAWED 

CLOSURE 

nfc»TH  * 

7 ,6930* 

FEET 

CLOSURE  TIME  « 

0  .11596 

SECONDS  PEW  THOUSAND  P$l 

tjme 

SPALL 

SURFACE 

SUWF  ACfc 

SUBF  ACE 

LOWER 

thickness 

POSITION 

velocity 

ACCELERATION 

cavity 

(  IN  GEES) 

boundary 

0  .  coo 

0,000 

0  .000 

•2,000 

***«  d  *  *  * 

(1.002 

o  ,o2o 

0,015 

-1,837 

157, *9 

3,27 

0.00s 

n ,  o4i 

0 .059 

-1,683 

70,54 

2,78 

0.017 

0,061 

0.115 

-1,337 

52,34 

2 , 5q 

0 .023 

n , 082 

0,186 

•i , 400 

39,24 

2 , 3q 

0.0*1 

0 ,102 

0.264 

•1,270 

31,37 

2,15 

0.059 

0,12? 

0,346 

-1,147 

26,12 

2,03 

0  .  073 

0.143 

0,429 

- 1 , 031 

22,36 

1,93 

0  .  093 

0,163 

0 .51  0 

•0,921 

19,54 

1. ,  85 

0 .120 

0,184 

0,587 

-0,817 

17,34 

1,78 

0,143 

0 .204 

0,660 

•0 , 719 

15,58 

i  ,7i 

0,167 

0,224 

0,726 

-0,627 

14,14 

1 , 65 

0.192 

0,245 

0.705 

•0,540 

12,93 

1 , 6fl 

0.217 

0,265 

0.837 

-0,458 

11,90 

1 , 56 

0.244 

0.286 

0,8«2 

-0 , 380 

11,02 

1.52 

0  ,  ?7o 

0 ,3q6 

0 ,9i  9 

-  0 , 30  7 

in , 25 

1 , 50 

0.297 

0,326 

0  ,  949 

-0,238 

9,58 

1  ,44 

0.124 

0,347 

0.972 

-0,173 

8 ,98 

1 . 41 

0.551 

0 , 367 

0.908 

-0,112 

0,45 

1,38 

0.379 

0 ,388 

0,997 

-  0 , 0  54 

7,97 

1,36 

0  ,  40  3 

0 ,4o« 

1,000 

-0,000 

7,53 

1,33 

0.444 

0,438 

0,994 

0  •  0  7  3 

6,97 

1.30 

0.482 

0.467 

0.977 

0,  l4o 

6,47 

1 . 77 

0 . 120 

0,497 

C  .951 

0,201 

4,0.3 

1,24 

0,557 

0.526 

0.916 

0,257 

5,63 

1,21 

C  .  593 

0.556 

0.875 

0,308 

5,27 

1,19 

0.623 

0 ,506 

0,827 

0 ,354 

4 , 94 

1.17 

0 . 662 

0 ,615 

0 ,775 

0 ,396 

4 ,64 

1,15 

0.695 

0 ,645 

0.719 

0 ,434 

4 ,36 

1  .13 

0.726 

0.674 

0  .  660 

0 ,469 

4,  n9 

1,12 

0.757 

0 , 704 

0,600 

0,501 

3,85 

1 . 1  0 

0.  70S 

0,734 

0,537 

0,529 

3,62 

1,09 

0.313 

0.763 

0 .475 

0,555 

3,40 

1,07 

0.34? 

0,793 

0,412 

0,578 

3,19 

1,06 

0  .  363 

0  ,  822 

0.349 

0,599 

2,99 

1,05 

0.392 

o  ,  852 

0,280 

0,617 

2,00 

1,64 

0.916 

0,882 

0,227 

0,634 

2,42 

1,03 

0.939 

0.911 

0.166 

0,649 

2,44 

£  ,02 

0 . 960 

0,941 

0.110 

0 ,662 

2.  >7 

1,01 

0 , 981 

0 ,970 

0.034 

0,673 

2,10 

1,01 

1.000 

1  ,000 

0,000 

0 ,684 

1  ,  94 

1,03 

PAGE  A27 


*PAU.  DYNAMICS 

HIGW  PRESSURE  LIMIT  ANALYSIS 


WAvELENGTM  • 
MAXIMUM  SURF A CE  EXCURSION  ■ 
CLOSURE  DEPTH  a 
CLOSURE  TIME  • 


7,49894  FE£r 

'  9  »  4  01  ?1  FE  It  PEP  THn,iSAND  p,?»  SQUARED 
0.14574  SECONDS  PER  THOUSAND  PSI 


TIME  spall  surface 
thickness  position 


n. ooo 

o. oo? 
o .  00* 
0.017 
0 . 0?S 
0.041 
0 .060 
0.078 
0 .099 
0.121 
0.144 
0,168 
0.194 
Ot?20 
0,246 
0.271 
0 , 10  1 
0,328 
0.336 
0,384 
0.412 

0 , 448 
0.484 
0  .  32o 
0.553 
0 . 390 

0.421 

0.654 

0.488 

0 , 72  0 

0.750 
0.777 
0,307 
0,835 
0  .  S6l 
0.887 
0.9U 
0.935 
0.957 
0.979 
1  .000 


0,000 
0,022 
0 .043 
0.065 
0,086 
0,108 
0,129 
0,151 
0,173 
0,194 
0.216 
0,237 
0.239 
0,280 
0 , 3fl2 
0.323 
0.345 
0,367 
0 , 388 
0,410 
0  ,  431 
0 ,460 
0.488 
0.517 
0,545 
0,573 
0,6o2 
0 , 63fi 
0 , 659 
0 , 687 
0 . 716 
0.744 
0.773 
0, 8ol 
0.829 
0,858 
0  f  886 
0,915 
0,943 
0.97? 

1  .000 


0.000 
0.015 
0,054 
0.112 
0.181 
0,258 
0,340 
0,422 
0 , 5(3  3 
0,580 
0.653 
0.719 
0.78c 
0.833 
0,878 
0, 917 
0,947 
0,971 
0.987 
0,997 
1.000 
0,995 
0.9*0 
0,957 
0.925 
0.887 
0,844 
0,795 
0,742 
0,685 
0,626 
0.565 
0,503 
0.439 
0,375 
0.311 
0,247 
0.164 
0.121 
0.060 
*0.000 


SURFACE  surface 
velocity  ACCELERATION 
< IN  GEES) 


LOWER 

CAVITY 

boundary 


"2 ,000 
-1,84? 
•1,692 
-1,549 
•1,414 
•1,263 
•1,164 
•1,949 
•0 ,94(3 
•9,636 
*0,738 
•0,644 
•0 ,556 
•0,473 
•0,393 
•0,318 
•0,247 
•0,100 
•0,117 
•  0 , 0  57 
•0,000 
0,070 
0,135 
0,196 
0,251 
0  ,3o3 
0,351 
0  ,  J95 
0 ,436 
0,474 
0,509 
0  ,541 
0,57c 
0.597 
0,622 
0,645 
0,666 
0,685 
0,702 
0.716 
0  ,  733 


121,86 

6i  ,05 

40.77 
3  o  ,  6  3 
24,54 
2(3 ,47 
17,57 

15.18 
13,68 
12,12 
11  .?0 
10,27 

9,47 
8,79 
0,30 
7,68 
7,32 
6,81 

6,44 
6.10 
5,70 
5,35 
5 ,  o  3 
4,74 

4.48 
A, ?4 
4,02 

3.81 

3.42 

3,44 

3.77 

Ml 

2,96 

2.82 

3.48 
2.55 

2.42 
3,79 

2.18 
2,06 


3,4§ 

2,94 

2.64 

2,42 
2,?6 
2,13 
2,02 
1,92 
1.84 
1.77 
1.7l 

1.65 

l.«0 
1,50 
1.52 

1,48 

1.44 
1 .41 
1,38 
1,35 
1,32 
1  .29 
1,26 
1,23 
1.2 
1  .19 
1.17 
1.15 
1  ,13 
1,11 
1.10 
1,09 
1.07 
1.06 
1,05 
1.04 
1.03 
1.02 
1.01 
1.00 
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SPALL  DYNAMICS 

«!GW  PRESSURE  LIMIT  ANALYSIS 


NAVcIFNGTH  ■ 
MAXIMUM  SURFACE  EXCURSION  * 
CLOSURE  DEPTH  « 
CLOSURE  TIME  • 


10.00000  PEET 

-0.67992  FEET  PER  THOUSAND  PS!  SQUARED 
11,44378  FEET 

0.1*137  SECONDS  PER  THOUSAND  PS! 


?I  Mfc 

SPALL 

thickness 

SURFACE 

PDSJTION 

SURFACE 

velocity 

surface 

ACCELERATION 

C IN  GEES) 

LONER 

CAVITY 

BOUNDARY 

0 .000 

0,000 

0,000 

-2,000 

0.002 

0 .023 

0,014 

.1,848 

95,50 

3,72 

n ,  no  * 

0 ,043 

0.032 

-1  *  7fl2 

47,82 

3,13 

fl  .  0 1 6 

0,068 

0,10« 

.1,564 

32, 62 

2,79 

0,028 

0 . 0  91 

0.176 

•1.431 

24,11 

2,36 

0.043 

O.ll4 

0.252 

.1,305 

19,37 

2,38 

0,0*0 

0.136 

0,332 

-1,185 

16,20 

2,23 

0.079 

0,159 

0,41  3 

•  1 , 0  7l 

13,94 

2.11 

0.099 

0  .1  82 

0.494 

•0 , 962 

12,23 

2.01 

0.121 

0.?0’ 

0.57* 

®  0  *  858 

10.91 

1,92 

0.143 

0.227 

0,644 

•0,759 

9,85 

1.84 

0.169 

0,250 

0,712 

•  0 , 665 

8,98 

1.78 

0.195 

0.773 

0.773 

•0,576 

8,75 

1.71 

0.222 

0*796 

0.827 

-0,490 

7,63 

1.66 

0.249 

0,3l« 

0.874 

-0  ,  409 

7,10 

1 .61 

0.273 

0 . 341 

0.93.3 

. 0  i  332 

6,64 

1.36 

0.3q4 

0,364 

0.945 

-0,259 

6,74 

1.52 

9.333 

0  •  385 

0.970 

-0,189 

5,88 

1.48 

0,361 

0,409 

0,987 

-0,123 

5,56 

1,44 

0.390 

0,43? 

0,997 

•  0 , 0  60 

5,77 

1.41 

0.419 

0,455 

1,000 

•0,000 

5,  nl 

i.3e 

0.453 

0,482 

0.995 

0 , 068 

4 , 73 

1,35 

9.487 

0.509 

0  c  982 

0,132 

4,48 

'1  ,31 

0,321 

0,536 

0.961 

0,191 

4,75 

1  ,28 

0.555 

0,564 

0,933 

0,248 

4  ,  0  4 

1,26 

0.58? 

0.591 

0.898 

0,300 

3,85 

1,23 

0,620 

0.618 

0.858 

0,350 

3,67 

l.?l 

0,63* 

0.646 

0,812 

0,396 

3,31 

1,19 

0.683 

0.673 

0.762 

0 ,440 

3,36 

1 ,17 

0.714 

n,7oo 

0 , 708 

0,481 

3,72 

l  ,15 

0.744 

0.727 

0,650 

0,519 

3,0  8 

1,13 

0.773 

0.753 

0.590 

0,554 

7,96 

1.11 

0.301 

0.782 

0.528 

0,388 

2  ,  *4 

1  .10 

0.829 

0.8C9 

0,464 

0  ,  619 

2,73 

1.08 

0.956 

0 , 836 

0,399 

0,648 

2,62 

i  ,07 

0.982 

0.864 

0,333 

0,675 

7,  '2 

1,06 

0 . 90  7 

0.«9l 

0.266 

0,700 

2,42 

1.04 

0.931 

0,918 

0,199 

0  ,  724 

7,33 

1  .03 

0,955 

0.945 

0,132 

0,746 

2,74 

1.02 

0.979 

0,973 

0.066 

0  ,  766 

2,  i  5 

1.01 

1  .000 

1  ,000 

0.000 

0  ,  785 

2,l7 

1.00 
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SMIL  DYNAMICS 

HIGH  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTH  * 

13,33521 

FEET 

MAYMUY 

SURFACE  EXCURSION  * 

•0 • 8079q 

FEET  PER  THOUSAND  PS!  SQUARED 

closure 

DEPTH  > 

13,97304 

FEET 

CLOSURE  TIMP  • 

0,22331 

SECONDS  PER  THOUSAND  PSI 

TME 

SMLL 

surface 

SURFACE 

SURFACE 

LOWER 

THICKNESS 

POSITION 

VELOCITY 

acceleration 

cavity 

( IN  GEES) 

BOUNDARY 

0.900 

0,000 

0.000 

*2,000 

0.00? 

0.024 

0,014 

•1,054 

74 , 06 

4.00 

0 .909 

0,04« 

0 , 0  50 

•1,714 

37,76 

3,35 

0,014 

0,072 

0,104 

•1,580 

25,16 

2,90 

0,029 

0,094 

0.170 

•1,451 

19,16 

2.72 

0,041 

0,119 

0,245 

.1,328 

15,44 

2,52 

0,050 

0,143 

0,323 

•1,209 

12,95 

2,30 

0,079 

0,167 

0,404 

•1,096 

11,10 

2,22 

0,099 

0 ,191 

0.484 

•0,988 

9,54 

2,11 

0,121 

0,215 

0,561 

•0 , 084 

8,00 

2,01 

0,149 

0,239 

0,635 

•0 , T05 

7,97 

1,93 

0,170 

0,243 

0 ,7q3 

•0,690 

7,29 

1.85 

0,194 

0,207 

0,765 

•0,599 

6,72 

1.70 

0.223 

0,311 

0.821 

•0,511 

6,73 

1.72 

0.251 

0,334 

0,849 

.0,428 

5,42 

1.66 

0,279 

0,359 

Q  .  7fl 9 

.0,348 

5,46 

1,61 

0  ,  3q  9 

0,302 

0.943 

.0,272 

5,14 

1.57 

0,337 

0,400 

0,908 

•0,200 

4,46 

1.52 

0.367 

0 ,430 

0.986 

•0,l3p 

4,01 

1.40 

0.394 

0,454 

0,997 

•0,063 

4,38 

1.44 

0.424 

0.470 

1.000 

•0,000 

4,18 

1.41 

0.459 

0 ,5o4 

0,996 

0  ,  066 

3,98 

1.37 

0.491 

0.930 

0.904 

0,129 

3,00 

1.34 

0.921 

0  ,356 

0,965 

0,189 

3,63 

1.31 

0.555 

0,502 

0.940 

0,245 

3,48 

1.28 

0.507 

0,60* 

0.908 

0,299 

3,34 

1.26 

0.419 

0,634 

0,870 

0,351 

3,71 

1,23 

0,440 

0.661 

0,827 

0,399 

3,09 

1.21 

0,479 

0,407 

0,779 

0,445 

2,98 

1.19 

0,707 

0,713 

0,727 

0,489 

7,07 

1.17 

0.737 

0.739 

0.672 

0,530 

2,77 

1.15 

0.709 

0,705 

0.613 

0,57ft 

2,68 

1.13 

0.794 

0,791 

0.551 

0,607 

2,59 

1.11 

0.924 

0,017 

0,487 

0,642 

2,51 

1,09 

0.951 

0 , 943 

0.421 

0,076 

2,43 

1.08 

0.977 

0,869 

0,353 

0 , 7  0  7 

2,35 

1.06 

0 . 70  3 

0.896 

0.2*4 

0,737 

2,28 

1,05 

0.729 

0.722 

0.214 

0,765 

2,21 

1,04 

0.751 

0.740 

0.143 

0,792 

2 , 1  5 

1,02 

0.»77 

0.774 

0.071 

0,»l7 

2 ,  o  8 

1.01 

1.000 

1  .000 

0.000 

0,041 

2,n2 

1.00 
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MAX  I  MUM 


TIME 


n.ooo 
0.10? 
n  ,oo7 

0,014 

0.024 

0.042 

0.05? 

0.079 

0.09? 

0.121 

0.145 

0.171 

0.197 

0,223 

0.253 

0.?8? 

0.311 

0.341 

0.372 

O.<02 

n.433 
0.464 
0 . 495 
0  r  525 
0.556 

0.584 
0.617 
0.647 
0.674 
0,706 
0,733 
0.763 
0.79? 
0.41? 
0 , 947 
0.874 
0.900 
0,926 
0.951 
0.974 
1  .000 


SPALL  DYNAMICS 

HJGM  PRESSURE  LfMIT  ANALYSIS 


WAVELENGTH  « 
SURFACE  PXCU0SIOM  * 
CLOSllRF  nfcPTM  * 
CLOSJRfc  TIMF  * 


17,78279  FEET 

-1,09729  FEET  PE 9  THOUSAND  PSI  SOUARED 
16,75300  FEET 

0.27182  SECONDS  PER  THOUSAND  PSI 


SPALL 

SURFACE 

SURFACE 

surface 

LOWER 

thickness 

POSITION 

velocity 

ACCELERATION 

cavity 

( IN  GEES) 

boundary 

0,000 

0,000 

-2,000 

0.025 

0,013 

-1,861 

59,51 

,  4,32 

0 ,050 

0.048 

-1,727 

3 f»  ,  fl9 

3.6(J 

0.075 

0,100 

-1,598 

2o,?9 

3,19 

o.ioo 

0,164 

-1,473 

15,18 

2.90 

0,125 

0.237 

-1,353 

12,44 

2.68 

0,150 

0,314 

-1,237 

10,47 

?  ,50 

0,175 

0.394 

-1,125 

9 , 0  7 

2.35 

0.200 

0.473 

-1,017 

0,01 

2,23 

0,225 

0,550 

-0,913 

7,19 

2  ,12 

0,250 

0.624 

-0,813 

6,53 

2,02 

0,275 

0.693 

-0,717 

5,99 

1 .94 

o,3pn 

0,757 

-0,625 

5,54 

1  ,«6 

0,325 

0,813 

-0,535 

5,16 

1.79 

0.35o 

0.843 

*C,45o 

4,03 

1.73 

0.375 

0 ,9(l5 

-0,367 

4,55 

1.67 

0 , 400 

0.940 

•0,288 

4,30 

1  .62 

0,425 

0,966 

-0,212 

4 ,  a  8 

1.57 

0.450 

0.985 

-0,138 

1,08 

1,53 

0.475 

0.996 

- 0 , 068 

3,70 

1.48 

n.5oo 

1,000 

0,000 

1,54 

1.44 

0,525 

0.996 

0,065 

3,40 

1,41 

0.550 

0.986 

0,127 

3,27 

1.37 

0.575 

0.969 

0,187 

3,14 

1.34 

fl  ,  6g 0 

C  ,945 

0,245 

3, 03 

1,31 

0.625 

0,915 

0,300 

2,93 

1  ,28 

0 , 650 

0.800 

0,353 

2,03 

1,26 

0,675 

0,839 

0,404 

2,74 

1.23 

n ,  7oo 

0.794 

0,453 

2 , 06 

1  .21 

0.725 

0.744 

0,499 

?  ,  58 

1  .18 

0,750 

0,690 

0,544 

2,50 

i  ,16 

0.775 

0 ,632 

0,587 

2,43 

1  .14 

0,000 

0.571 

0 , 628 

2.37 

1 .12 

0.825 

0  ,5n  7 

0  ,  668 

2,31 

1.11 

n,«3o 

0.440 

0,705 

2,25 

1,09 

0,875 

0.371 

0,742 

2,19 

1 .07 

0,900 

0.300 

0,776 

2,14 

1.06 

0,925 

0,227 

0 , 80  9 

? ,  0  8 

1.04 

0.950 

0.152 

0,841 

2,03 

1  •  C  3 

0.975 

0,077 

0,871 

1,99 

1.01 

1  .000 

-0.000 

0,900 

1,94 

1.00 
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spall  dynamics 

HIGH  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTH  *  23,71374  FEET 

MAXIMUM  SURFACE  EXCURSION  «  -1,37248  FEET  PER  THOUSAND  PS!  SQUARED 

CLOSURE  DEPTH  »  20.15203  FEET 

CLOSJRE  TIME  «  0,32692  SECONDS  PER  THOUSAND  PS  I 


TIME 

spall 

thickness 

SURFACE 

position 

SURFACE 

VELOCITY 

SURFACE 
acceleration 
( IN  GEES ) 

LOWER 

cavity 

boundary 

0.000 

0.000 

0.000 

*2,000 

47,64 

4,69 

o.oo? 

0.026 

0.012 

-1,869 

0  . 00  7 

0,o5? 

0.046 

•1,741 

24,20 

3,89 

0.016 

0.078 

0.096 

•1.617 

16,39 

3,43 

0.025 

0  ,104 

0,158 

•1,497 

12,48 

3,11 

0.042 

0,130 

0.228 

-1,380 

10,13 

2,87 

0.059 

0,075 

0.157 

0 ,3fl4 

*1,267 

6,57 

2.«7 

0,183 

0.382 

- 1 , 156 

7,45 

2 , 5j) 

0.099 

0,?09 

0,461 

*1 , 050 

6,61 

2,36 

0.121 

0,235 

0,539 

-0,946 

5,95 

2,24 

0 ,145 

0  ,261 

0,613 

-0,646 

5,43 

2.14 

0.171 

0.287 

0.683 

•0,748 

5 , 0  0 

2,04 

0,199 

0  ,313 

0.747 

-0 , 654 

4,84 

1,95 

0.226 

0.339 

0,805 

*0,562 

4,34 

1,88 

0.254 

0,365 

0.857 

-0,47* 

4,08 

1.81 

0.286 

0,391 

0,900 

•0,388 

3,85 

1,74 

0,31< 

0,618 

0,936 

-0 , 3Q5 

3,65 

1.68 

0.345 

0,444 

0,964 

*0,225 

3,48 

1,63 

0,374 

0,470 

0,984 

-0,148 

3,32 

1.58 

0 , 6  0  9 

0,496 

0,996 

-  0 , 0  73 

3, 18 

1,53 

0.640 

0,522 

1,000 

0  i  OOO 

3 , 0  5 

1,48 

0,669 

0 .546 

0,997 

0 , 064 

2,94 

1.45 

0.699 

0  .570 

0.987 

0,127 

2,85 

1.41 

0.529 

0.594 

0.971 

0 , 1 87 

2,76 

1,38 

0.559 

0 ,618 

0.949 

0,246 

2,67 

1,34 

0.587 

0,641 

0.922 

0,302 

2, 60 

1.31 

0,916 

0,665 

0,888 

0,357 

2,52 

1,28 

0.645 

0,689 

0.850 

0,410 

2,46 

1.26 

0.675 

0 ,713 

0,807 

0,462 

2,39 

1,23 

0  .  70  3 

0.737 

0,758 

0,512 

2,33 

1 .21 

0.73? 

0,761 

0.706 

0,560 

2,28 

1,18 

0.760 

0.785 

0.649 

0,606 

? ,  22 

1,16 

0.789 

0 ,9o9 

0,589 

0,651 

2,17 

1.14 

0  ,  *16 

0,833 

0.525 

0,695 

2,13 

1.12 

0,§4! 

0,837 

0.457 

0,737 

2,  n8 

1.10 

0.970 

0 , 880 

0,387 

0,778 

2, 04 

1.08 

0,99? 

0,904 

0.314 

0,817 

2,00 

1.06 

0.923 

0,928 

0.239 

0,855 

1,96 

1,05 

0.94  9 

0.952 

0.161 

0,892 

1,92 

1.03 

0.975 

0,974 

0,081 

0,927 

1,88 

1.01 

1.009 

1  ,ooo 

•0,000 

0,962 

1 , 85 

1,00 

PAGE  A 3 2 


SPALL  DYNAMICS 

HIGH  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTH  .  31,62278  FEET 

maximum  SURFACE  EXCURSION  e  -1,69661  FEET  PER  THOUSAND  PS!  SQUARED 
CLOSURE  DEPTH  *  24,i5o62  FEET 

CLOSJRE  TIME  «  0,38834  SECONDS  PER  THOUSAND  PS! 


TIME 

SPALL 

thickness 

SURFACE 

position 

SURFACE 

VELOCITY 

surface 

ACCELERATION 
( IN  GEES) 

lower 

CAVITY 

BOUNDARY 

0,000 

0 .000 

0,000 

-2,000 

0,00? 

0,027 

0.012 

-1,877 

38,  «8 

5.12 

n.oo7 

n  „o54 

0,044 

-1,756 

19,65 

4.23 

0,016 

0 ,08l 

0.0*1 

-1 ,638 

13,37 

3.72 

0 . 027 

tl  ,  1 0  4 

0,151 

-1 ,523 

10,23 

3.36 

n  ,o<i 

0,136 

0.22Q 

-1,409 

8,35 

3,08 

n ,  058 

0 ,163 

0.294 

-1  ,299 

7 , 0  9 

2.86 

0.077 

0,190 

0.371 

-1  ,1 90 

6,19 

2.68 

0 .095 

0,217 

0.449 

-1 , 0  85 

5,52 

2.52 

0.120 

0fl244 

0.526 

•0,981 

4,99 

2,39 

0.143 

0,271 

0,601 

-0,880 

4,57 

2.27 

0.171 

0.298 

0.672 

-0,782 

4  ,?3 

2,16 

0,193 

0.325 

0.737 

• 0 , 686 

3,94 

2,06 

0.225 

0.352 

0.797 

-0,592 

3,70 

1.97 

0.255 

0.380 

0,850 

•0 ,5fll 

3,49 

1.89 

0.284 

0 , 4fl 7 

0,895 

-0,412 

3,31 

1,52 

0.317 

0,434 

0.933 

-0 ,325 

3,15 

1.75 

0.348 

0,461 

0,962 

-0 ,24o 

3,01 

1,69 

0.380 

0.488 

0.983 

-0,158 

2,88 

1,63 

0.413 

0.515 

0,996 

•  0 , 0  78 

2,77 

1,58 

0.444 

0.54? 

1.  ono 

•0,000 

2,67 

1,53 

0.474 

0.565 

0,997 

0 ,064 

2,59 

1.49 

0 . 5c  3 

0.588 

0 , 988 

0,127 

2,52 

1  .45 

0,531 

0,611 

0,973 

0 ,188 

2,45 

1,41 

0.559 

0,634 

0.953 

0,248 

2,39 

1,38 

0,588 

0,657 

0,927 

0,306 

2,33 

1  .35 

0.614 

0,680 

0,895 

0 ,363 

2.27 

1.32 

0,643 

0,702 

0,659 

0,418 

?,?2 

1,29 

0.473 

0.725 

0,817 

0,473 

2 , 1  7 

1.26 

0.70? 

0,748 

0.771 

0,525 

2,13 

1.23 

0.730 

0.771 

0.719 

0,377 

2,08 

1  , 2  i 

0,758 

0.794 

0 , 664 

0,627 

2,  o4 

1.18 

0.736 

0,817 

0.6Q4 

0,676 

2,  fU 

1,16 

0.413 

0,840 

0.54Q 

0,724 

1,97 

1.14 

0. 541 

0 . 863 

0.472 

0  ,77(3 

1,93 

1.11 

0.565 

0 , 886 

0.401 

0,816 

1,90 

1,09 

0.595 

0.908 

0,32/ 

0  ,  860 

1,87 

1.07 

0.922 

0,931 

0,249 

0  ,903 

1 , 84 

1.05 

0.943 

0.954 

0.169 

0  ,945 

1,51 

1  <  0  3 

0.974 

0.977 

0.086 

0,985 

1  ,  T3 

1.02 

1  .000 

1.000 

•0.000 

1.025 

1,75 

1.00 
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SPALL  DYNAMICS 


HIGH  PRES 

SURE  LIMIT 

ANALYSIS 

wavelength  • 

<2,16965 

FFtr 

MAXIMUM 

SURFACE  EXCURSION  * 

”  2  •  0  7 1  !i  2 

FEET  PER  THOUSAND  PS?  SQUARED 

CLOSURE 

DEPTH  # 

!P,839V6 

FEET 

CLOSURE  TIME  « 

0,45555 

SECONDS  PER  thousand  PS! 

tjme 

SPALL 

SURFACE 

SURFACE 

SURFACE 

LOWER 

thickness 

POSITION 

velocity 

ACCELERATION 

cavity 

<  IN  G-ES5 

BOUNDARY 

0,005 

0,000 

0 .000 

*2,000 

###««*•* 

0,00? 

0.028 

o.tm 

-1,835 

31,34 

5,62 

0.30? 

ft  ,  056 

0,041 

-1,772 

16,10 

4.62 

ft  ,  03.5 

n,O04 

0,087 

-1 , 660 

11 , 12 

4,05 

ft  ,027 

ft  ,11? 

0,144 

-1,550 

8,48 

3,65 

0,041 

0,140 

0,211 

-1,440 

6,96 

3,34 

ft. 157 

0,168 

0,283 

-1,333 

5,94 

3,09 

ft,  076 

0,196 

0,35V 

-1,226 

5,21 

2.88 

0,097 

0,?24 

0,4  17 

-1,122 

4,67 

2.71 

ft  ,120 

0,29? 

0.514 

-1 ,019 

4  ,  ?4 

2,55 

ft  .144 

0,280 

G  .589 

-0.918 

3.90 

2.42 

ft  .170 

3 ,309 

0 ,660 

-  0 ,818 

3,63 

2.29 

ft. 199 

0,337 

0,727 

-0 , 720 

3,39 

2,19 

ft,?2  5 

(1,365 

0.788 

-0,624 

3,  ?0 

2.09 

0,?5S 

0.393 

0.842 

-0,529 

3,  n3 

2,00 

0.287 

0,421 

0,08V 

-0,437 

2,98 

l.’l 

ft  ,  3l  3 

ft,44S» 

0.92V 

-  0 ,346 

2,75 

1,84 

ft. 351 

0,477 

0  ,  V6Q 

-0,257 

2,64 

1.77 

ft. 384 

0.503 

0.982 

-0,169 

?,54 

1 ,70 

ft. 419 

(1.533 

0  ,  995 

-0 , 004 

2,45 

1,64 

ft. 452 

(1.561 

1,000 

0,000 

2,36 

1,58 

0.479 

ft, 583 

0,997 

0  ,  004 

2,31 

1.54 

ft  ,  504 

0 . 605 

0,989 

0,128 

2 ,  ?5 

1  ,50 

ft. 534 

0,627 

0,975 

0,190 

2,70 

1,46 

ft.  56? 

(1,649 

0.956 

0,251 

2,15 

1.42 

0.589 

0,671 

0,931 

0,311 

7,11 

1,39 

ft.  517 

(1,693 

0,901 

0  ,370 

2 ,  n  7 

1,35 

ft. 649 

ft. 715 

0  066 

0,428 

2  ,  ft  3 

1.32 

0,673 

ft  .  737 

0,826 

0 ,485 

1 , 99 

1,29 

ft  .  703 

0,759 

0,781 

0,541 

1 , 95 

1,26 

ft. 729 

0 , 780 

0,731 

C  ,596 

1.92 

1,23 

0.756 

0  ,«02 

0,676 

0,649 

1,99 

1 ,20 

0.784 

0.824 

C.617 

0,702 

1  ,  80 

1,18 

0,411 

0,846 

0  ,553 

0,754 

1,83 

1,15 

0,939 

0,868 

0,485 

0,805 

1,80 

1,13 

0 . 966 

0 , 890 

0.414 

0 , 955 

1,78 

1  ,11 

0  ,  993 

0.912 

0,338 

0,90* 

1  ,  75 

1  ,08 

0.923 

0.934 

0.259 

C  ,  952 

1,73 

1,06 

ft  .  947 

0.956 

0,176 

C  ,  999 

1,71 

1,04 

0.974 

0.978 

0,08V 

1,045 

1,69 

1.02 

1,300 

1.000 

•0,000 

1  .  O’O 

1,66 

1  .00 
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MAX! MUM 


TIME 


0.000 
0.00? 
0.00? 
0.01* 
0.  024 
0,0*0 
O.05T 
0.073 
0.094 
0.119 
0.1*3 

0,169 

0.197 

0.224 

0.254 

0.289 

o .  32a 

0.351 

0.384 

0.422 

0.454 

0.484 

0.  *10 
0.537 
0.564 
0.591 

0.615 

0.645 

0.67? 

0.  7q0 

0.727 

0.755 

0.78? 

0.  409 
0.437 
0.464 
0.49? 
0.  919 
0.944 
0.973 
1.000 


SPALL  DYNAMICS 

NIGH  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTH  > 

SURFACE  FXCURSTON  * 

CLOSURE  0EpTh  a 

CLOSURE  TIME  s 


56,23413  FEET 

-2,49488  FEET  PER  THOUSAND  PS  I  SQUARED 
34,32446  FEET 

0, 5277i  SECONDS  PER  THOUSAND  PS! 


spall 

surface 

surface 

SURFACE 

lower 

thickness 

position 

VELOCITY 

ACCELERATION 
( IN  GEES) 

CA  V  l  T  Y 
BOUNDARY 

0,000 

0,000 

-2,000 

0 .029 

0,010 

-1 , 894 

25,74 

6.19 

0  ,  0  58 

0.039 

-1,788 

13,32 

5.08 

0.087 

0 .083 

-1,682 

9,i  e 

4,4L 

0,116 

0.138 

-1,577 

7,11 

3,96 

0.145 

0 .202 

-1,472 

5,47 

3.63 

0,173 

0.273 

-1,367 

5,0* 

3,35 

0.202 

0.348 

-1,264 

4 , 45 

3,12 

n  ,?3i 

0.424 

-1  ,l60 

4 ,  no 

2.92 

0.260 

0.501 

-1.058 

3,65 

2.75 

0.289 

0.576 

-0,956 

3,38 

2,59 

0 ,318 

0.648 

-0,856 

3,15 

2,45 

0^347 

0.716 

-0,756 

2,96 

2.33 

0,376 

0.779 

-0,657 

?,80 

2.22 

0 ,40* 

0,835 

-0.5C0 

2,66 

2.11 

0.434 

0,884 

-0 , 463 

2,54 

2.02 

n.463 

0.925 

-0,368 

2,44 

1.93 

0.491 

0.957 

-0,274 

?,35 

1.85 

o.52n 

0.981 

-0 , 181 

?,97 

1.78 

0.549 

0.995 

-0 , 090 

2,19 

1.71 

0 ,578 

1.000 

0,000 

? ,  1  2 

1.64 

0.599 

0,997 

0,065 

2 , 0  8 

1.59 

0.620 

0.990 

0,129 

2 , 0  4 

1.55 

0.641 

0.977 

0,192 

2,00 

1 .51 

T  ,  663 

0.958 

0,255 

1,96 

1.47 

0.684 

0.935 

0,317 

1,93 

1.43 

0.705 

0 . 9n  6 

0,378 

1 , 90 

1.39 

0.726 

0.872 

0,439 

1,57 

1.36 

0.747 

0,833 

0,498 

1,54 

1.33 

0.764 

0.7«9 

0,557 

1,51 

1.  9 

0,789 

0 .740 

0,615 

1  ,  78 

1 . 26 

o,8io 

0,646 

0,673 

1,76 

1,23 

0 . 831 

0,628 

0  ,  729 

1,76 

1 , 2  0 

0,85? 

0.564 

0,785 

1,71 

1.17 

0.«73 

0 .497 

0,440 

1 , 69 

1,15 

0.895 

0,424 

0 , 895 

1,67 

1,12 

0,916 

0,347 

0,948 

1,65 

1,09 

0,937 

0.267 

1,001 

1,63 

1  ,07 

0.958 

0,152 

1 ,053 

1,62 

1,0? 

0.979 

0,093 

1,10* 

1,60 

1.02 

1,000 

-0.000 

1,155 

1,58 

1 ,00 
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SPALL  dynamics 

HIGH  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTH  ■ 
MAXIMUM  SURFACE  EXCURSION  * 
CLOSURE  DEPTH  ■ 
CLOSURE  TIME  ■ 


74,98942  FEET 

•2 1 965(j  4  FEET  PER  THOUSAND  PSI  SQUARED 
4q.  72393  FEET 

0  *  6 0 3 7 7  SECONDS  PER  THOUSAND  PSI 


T!  Mg 

SPALL 

SURFACE 

SURFACE 

SURFACE 

LOWER 

thickness 

POSITION 

VELOCITY 

ACCELERATION 
( IN  GEES) 

CAVITY 

BOUNDARY 

0.000 

0.000 

0.000 

•2.000 

o.oo? 

o,o3o 

0.010 

•1 . 9o3 

21,31 

11,12 

6,86 

0.007 

0 .059 

0 .037 

-1,804 

5,Oo 

0.015 

0,089 

0.Q79 

-1.705 

7,72 

4,88 

0,025 

0,119 

0.132 

- 1  i  6  0  5 

6 ,  n  2 

4,37 

0,039 

0,148 

0,194 

-1,504 

5,  no 

3.98 

0  .  056 

0 ,178 

0,263 

•  1 ,403 

4,32 

3,66 

0,074 

0,?08 

0,336 

•1,301 

3,84 

3.39 

0 .095 

0.238 

0.412 

-1,199 

3,47 

3,17 

0,119 

0,267 

0.489 

-1,098 

3,19 

2,97 

0.142 

0.297 

0.564 

-0 , 996 

2,96 

2,64 

0  .  169 

0,327 

0,637 

-0,894 

2,77 

0,196 

0,356 

0 , 70 6 

*0,793 

2,62 

2.5o 

0.226 

0,386 

0,770 

-0,692 

2,49 

2.37 

0,256 

0,416 

0,827 

-0,591 

2,37 

2.25 

0.289 

0,445 

0,878 

-0,491 

2,28 

2,15 

0.  321 

0.475 

0.921 

-0,391 

2,19 

2,  05 

0,355 

O.505 

0,955 

-0,292 

2,12 

1,95 

0,  390 

0,534 

0,980 

-0,194 

2,  n5 

1,87 

0.426 

0.564 

0,995 

-  0 , 0  97 

1,99 

1.79 

0.463 

0,594 

1.000 

0,000 

1  ,  93 

1.7l 

0  ,  485 

0,614 

0.998 

0 , 066 

1,90 

1,66 

0.  514 

0 , 634 

0.99Q 

0 , 1 3l 

1,87 

1 . 6l 

0.54o 

n ,  655 

0,978 

0,196 

1,84 

1.57 

0.565 

0,675 

0,960 

0,260 

1,01 

1.52 

0 , 59? 

0,695 

0.938 

0,324 

1  ,  78 

1,76 

1 .48 

0.619 

0,716 

0,910 

0,387 

1 .44 

0,645 

0,736 

0,877 

0,450 

1 , 73 

1 . 4  3 

0,672 

0.756 

0 . 839 

0,512 

1 , 71 

1 .37 

0,699 

0,777 

0,796 

0,574 

1,69 

1,33 

0.726 

0,797 

0.748 

0 , 636 

1,47 

1,29 

0.754 

0,817 

0.695 

0 ,697 

1,45 

1 , 26 

0  ,  781 

0,838 

0,637 

0,75: 

1,43 

1 ,23 

0,  '<0  9 

0,858 

0.574 

0 , 817 

1 , 61 

1 ,2q 

0.935 

0,878 

0 , 5n6 

0 ,876 

1,59 

1.17 

0.963 

0,898 

0.433 

0 , 935 

1,58 

1.14 

0  .  99(J 

0,919 

0.356 

0 , 993 

1  ,56 

1,55 

1.11 

0.919 

0.939 

0.274 

1 , 050 

i  .  08 

0.945 

0,959 

0.187 

1,108 

1,53 

1 . 05 

0.973 

0.980 

0.096 

1,164 

1,52 

1 . 03 

i .  ooo 

1  .000 

•0,000 

1,220 

1  ,51 

1.00 
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SPALL  DYNAMICS 

HIGH  PRESSURE  LIMIT  ANALYSIS 


wavelength  * 

100 .00008 

FEET 

MAXI  MUM 

surface  excursion  * 

-3,47604 

feet  per  thousand  p si  SQUARED 

CLOSURE 

DEPTH  * 

48,17618 

FEET 

CLOSURE  TIME  » 

0,68252 

SECONDS  PER  THOUSAND  PS! 

TI  ME 

SPALL 

SURFACE 

surface 

SURFACE 

LOWER 

thickness 

POSITION 

VELOCITY 

ACCELERATION 

CA  V  I  T  Y 

(  IN  GEES) 

BOUNDARY 

n.  ooo 

0.000 

0,000 

*2,000 

0,002 

0,030 

0,00  9 

-1 ,911 

17,78 

7,63 

0.  oo7 

0  ,  061 

0.035 

•1, 820 

9,36 

6,21 

0.013 

0 ,091 

0.Q75 

-1,727 

6,56 

5,39 

0,023 

0.122 

0.1?6 

- 1 , oo2 

5 , 1  5 

4.82 

0.03? 

0.152 

0.186 

-1,536 

4,31 

4.37 

0.05? 

0.1S2 

0.253 

-1,438 

.3,75 

4,01 

0 . 

0.213 

0  i  3?5 

-1,339 

3,35 

3,7i 

0.  094 

0,243 

0 , 4no 

-1,239 

3,n5 

3,46 

P .  U  5 

0e?7<* 

0,476 

-1,137 

2,81 

3,23 

0.141 

0 ,3(j4 

0.552 

- 1 , 0  3  6 

2,62 

3,03 

0,16? 

0,334 

0 , 6?5 

-0,933 

2,47 

2,36 

0.193 

0,365 

0.695 

-0 , 83o 

2,34 

2.69 

0.223 

0.395 

0,760 

-0,727 

2  ,?3 

2,55 

0.25ft 

0.426 

0.820 

-0,623 

2,1  4 

2.4i 

0.28? 

0.456 

0.872 

-0,519 

2 ,  n  6 

2,29 

0.32? 

0,486 

0.916 

*0,415 

1,99 

2.18 

0.357 

0.517 

0.952 

-0,311 

1 , 93 

2.07 

0.  373 

0.547 

0,97  a 

-0,207 

1,87 

1.97 

0.43o 

0.577 

0,995 

-0,103 

1,82 

1,88 

0.467 

n ,  6o« 

1,080 

-0,000 

1,78 

1.79 

0.492 

0.627 

0.998 

0,067 

1,75 

1,74 

0.?17 

0 .647 

0.991 

0,133 

1,73 

1,68 

0,54? 

0 . 667 

0.97V 

0,199 

1,70 

1,63 

0,563 

0 . 6B6 

0.962 

0,265 

1,68 

1  ,59 

0,594 

0 , 7(J 6 

0, 9<0 

0,331 

1 , 66 

1,54 

0.620 

0,726 

0.913 

0 , 397 

1,64 

*  .  50 

0.  64ft 

0,745 

0.881 

0,462 

1,62 

1.45 

0,673 

0,765 

0.844 

0 , 527 

1 . 60 

1 . 41 

0.69? 

0,784 

0.8n2 

0,59? 

1,59 

1,37 

0,  72ft 

0 .  8q4 

0.755 

0,65/ 

1,57 

1.3  3 

0,75  3 

0.824 

0.7n2 

0,721 

1,55 

1.29 

0  .  780 

0.843 

0,645 

0 , 785 

1,54 

1.26 

0  .  7 

0  .  863 

0.582 

0,848 

1,52 

1.22 

0.  43  3 

0.88? 

0 . 514 

0,912 

1,51 

1,19 

0.86? 

0.9Q2 

0.441 

0,975 

1,50 

1 .  Ip 

0,890 

0.92? 

0 , 363 

1 ,037 

1,49 

1.12 

0.  ?17 

0.941 

0.279 

1  i  0  99 

1,47 

1. 09 

0.945 

0.961 

0,191 

i  ,161 

1 , 46 

1.06 

0.97? 

0 ,980 

0.098 

1,223 

1,45 

1.03 

1.000 

1  .000 

*>0  .  GOQ 

1,284 

1 ,44 

1  00 
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SPALL  DYNAMICS 

HIGH  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTH  »  133,35214  FEET 


MAXI  MUM 

SURFACE  EXCURSION  « 

■  4 , 0  2  0  4  8 

FEET  PER  THOUSA 

■J  PSI  SQUARED 

CLOSURE 

DEPTH  « 

56,83991 

FEET 

closjre  TIMF  I 

0  ,  76268 

seconds  per  thousand  psi 

time 

SPALL 

SUHEACk 

surface 

surface 

LOWER 

thickness 

POSITION 

velocity 

acceleration 

cavity 

( IN  GEES) 

BOUNDARY 

n .  ooo 

0,000 

0  ,oou 

-2,000 

******* 

n  .no? 

0,031 

0,009 

-1,919 

14,94 

8,53 

n .  no  * 

0  ,  062 

0.033 

-1 , 835 

7,95 

6.92 

0,014 

0,093 

0 ,071 

-1,748 

5,62 

5,99 

0.025 

0,124 

0,120 

-l ,658 

4 , 45 

5,34 

0,039 

0,155 

0.179 

*  1 ,566 

3,75 

4,83 

0.054 

0,186 

0,245 

-1,472 

3,29 

4.43 

0,072 

0,217 

0.31b 

-1,375 

2,95 

4,08 

0 .093 

0,248 

0.389 

-1,277 

2,70 

3,79 

0,113 

0,279 

0,465 

-1,177 

2,51 

3,54 

0.140 

0,310 

0.541 

-1.075 

2,35 

3,31 

0,165 

0,341 

0,614 

-0,972 

2,23 

3,11 

0,194 

0,372 

0 , 68b 

-0,867 

2 , 1  2 

2,92 

0.224 

0 , 4  o  3 

0.752 

-0,761 

2,  o3 

2.75 

0,756 

0.434 

0,812 

-0,655 

1,95 

2,60 

0,289 

0,465 

0,866 

-0,547 

1,09 

2.46 

0.323 

0.496 

0,912 

- 0 ,4  39 

1,03 

2.33 

0,359 

0,527 

0.950 

-  0 , 3  3  0 

1  ,  78 

2, 20 

0.395 

0,558 

0,977 

*0 , 220 

1,73 

2,09 

0.433 

0,589 

0,994 

-0,110 

1.69 

1,98 

0,471 

0  .  620 

1,000 

0,000 

1  ,  65 

1,88 

0,496 

0,639 

0 . 998 

0  , 0  68 

1,63 

1,82 

0.320 

0.658 

0,991 

0,135 

1,61 

1.77 

0,545 

0.677 

0,979 

o  ,203 

1,59 

1,?1 

0.370 

0.696 

0.963 

0,271 

1,57 

1,66 

0,595 

0,715 

0.942 

0,339 

1,56 

1,61 

0.621 

0,734 

0,916 

0,406 

1.54 

1  ,56 

0.647 

0,753 

0,88b 

0,474 

1,53 

1,51 

0,673 

0.772 

0,849 

0,542 

1.51 

1.46 

0  ,  599 

0 , 791 

0.807 

n  ,610 

1,50 

1.42 

0.726 

0,810 

0,760 

0,677 

1,49 

1,38 

0.753 

0,829 

0 , 7n 9 

0 ,745 

1.47 

1.33 

0 . 780 

0,848 

0,651 

0,812 

1 ,46 

1,29 

0.907 

0,867 

0,509 

0.S79 

1,45 

1,25 

0,934 

0 ,886 

0,521 

0 , 947 

1,44 

1,21 

0  .  861 

0 , 9o  5 

0.34/ 

1,014 

1  ,43 

1,18 

0.989 

0.924 

0,369 

-  ,  O<*0 

1,42 

1.14 

0.915 

0,943 

0.2*5 

1,147 

1,41 

1 .10 

0.944 

0,962 

0.19b 

1,213 

1,40 

1,07 

0  .  97? 

0 , 981 

0.100 

1,280 

1  ,39 

1  .03 

1.000 

1  .000 

-0.000 

1,346 

1,38 

1.00 
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SPALL  DYNAMICS 

HIGH  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTH  * 

177,82794 

FEET 

MAXI  MUM 

SURFACE  EXCURSION  a 

-4 ,58946 

feet  per  thousand  psi  squared 

CLOSURE 

DEPTH  « 

66,89820 

FEET 

CLOSURE  TIME  s 

0 ,84296 

seconds  per  thousand  psi 

TIME 

SPALL 

SURFACE: 

SURFACE 

surface 

LOWER 

thickness 

PDS I T I  ON 

velocity 

ACCELERATION 

cavity 

(  IN  GEES) 

ROUND  ARY 

n.noo 

0  .000 

0.000 

-2,000 

**»**•« 

n.no? 

o ,  n 32 

o  .one 

-1 , 927 

12,64 

R,56 

n .  no  4 

0.063 

0.0-32 

-1 , 849 

6,00 

7.74 

ft  .014 

0.095 

0 ,06b 

-1 , 768 

4,06 

6.60 

0.024 

n.126 

0,116 

-1 , 684 

3, 09 

5,94 

ft  .  03  7 

ft  ,158 

0.172 

-1,596 

3,30 

5,37 

ft, 053 

ft  ,189 

0.236 

•  1 , 5  0  5 

2,91 

4,9g 

0.071 

ft. ?21 

0.306 

-1,411 

2,64 

4,5i 

ft  .091 

ft, 253 

0.37V 

-1,314 

2,43 

4,18 

ft  .114 

0.204 

0.454 

-1 ,215 

2,P6 

3,89 

ft. 135 

ft  .316 

0.530 

-1,113 

2, 1  3 

3.63 

ft  .165 

0.347 

0 ,6o4 

-1 «  0Q9 

2 ,  ft  3 

-3.40 

ft.  191 

0.379 

0.676 

-0,903 

1,94 

3,18 

ft. ?23 

0.410 

0.743 

-0,796 

t ,  86 

2,99 

ft. 253 

0.442 

0 , 8ft5 

-0,686 

1,00 

2,82 

0.785 

0.474 

0.861 

-0.575 

1,74 

2,65 

0.323 

0 ,5q5 

0 »  9ft  9 

-0,462 

1,70 

?.5(J 

0.359 

0.537 

0,947 

-0,348 

1,65 

2,36 

0.397 

0.508 

0,976 

-0,233 

1,61 

2,23 

0.433 

0.600 

0.994 

-0,117 

1,58 

2,11 

0.475 

0.631 

1,000 

-0,000 

1,55 

1,99 

0.49? 

n  ,6Sn 

0  ,  V98 

0,069 

1,53 

1,92 

0.523 

0.608 

0.991 

0,138 

1.52 

1,86 

0,547 

ft, 687 

0,900 

0,207 

1,50 

1 » 8  0 

0.57? 

ft  .705 

0,964 

0,277 

1,49 

1.74 

ft. 597 

0.724 

0,964 

0,346 

1,47 

1.69 

ft. 62? 

0,742 

0 .918 

0,416 

1 ,46 

1.63 

0.649 

0,700 

0 , 888 

0 , 486 

1 , 45 

1.58 

0.673 

0.779 

0.852 

0,557 

1,44 

1.53 

0.700 

0.797 

0,811 

n  ,  627 

1,43 

1.47 

0,724 

0.810 

0  .  765 

0 , 698 

1,42 

1.43 

0.75? 

0,834 

0.714 

ft,  768 

1,41 

1,38 

ft. 779 

0.853 

0.657 

0,839 

1,40 

1,33 

0.406 

0,871 

0.594 

0,910 

1,39 

1,29 

ft.  933 

0,889 

0.526 

0 , 980 

1,38 

1,24 

0.461 

ft  .9R8 

0.453 

l ,  o5i 

1,37 

l.?0 

ft  .  8B9 

ft  .926 

0.374 

1,122 

1,36 

1.14 

0.916 

ft, 945 

0.289 

1,193 

1,35 

1.12 

0.944 

0.963 

0.198 

1,264 

1,35 

1,08 

0,97? 

ft. 98? 

0 .102 

1,335 

1,34 

1.04 

1  .000 

1  ,000 

•0.000 

1,406 

1,33 

1.00 
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SPALL  DYNAMICS 

HIGH  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTH  • 

237,13737 

FEET 

MAY  I  YUM 

SURFACE 

EXCURSION  » 

-5,17329 

FEET  PER  THOUSAND  PS  I  SQUARED 

CLOSURE  DEPTH  « 

78,56243 

FEET 

CLOSURE  TIME  * 

0,92216 

SECONDS  PER  THOUSAND  PSI 

T  I  Mg 

spall 

SURFACE 

SURFACE 

SURFACE 

LOWER 

thickness  position 

velocity 

acceleration 

cavity 

<  IN  GEES ) 

BOUNDARY 

ft. 000 

0.000 

0.000 

“2,000 

******* 

n.oo? 

0,03? 

0.008 

-1 .934 

10 . 76 

16,76 

ft  .  00* 

0,064 

0,030 

•I ,863 

5, *7 

8.69 

o ,  oi4 

(1,0  96 

0.065 

-1,787 

4,94 

7.48 

0.024 

0.128 

c.m 

“1.708 

3,42 

6,64 

0,037 

0,160 

0,166 

-1 ,624 

2,93 

5,98 

ft  .05? 

0,192 

0.229 

-1,536 

2,41 

5.46 

ft  ,07{) 

0,224 

0.297 

-1,444 

2,37 

5.01 

ft  .090 

0,256 

0,37o 

-1 ,349 

2,70 

4.63 

0,113 

0,289 

0,444 

-1 ,251 

2,06 

4.29 

ft. 137 

0,321 

0,590 

-1 ,150 

1  ,95 

4,00 

0.164 

0.353 

0,594 

,1 , 045 

1  ,  87 

3.73 

0,192 

0.385 

0,667 

-0 ,938 

1,79 

3.49 

0,222 

0,417 

0,735 

-  0 , 829 

1,73 

3,27 

H.254 

0,449 

0,799 

-0,716 

1,67 

3,07 

0,28* 

0 .481 

0,8*6 

-0,602 

1,63 

2,88 

0.323 

ft  ,51 3 

0,905 

*0 , 485 

1,59 

2,7(| 

ft  .  360 

0,545 

0,945 

-0,367 

1,55 

2,54 

0.39* 

0,577 

0.975 

-0,246 

1,52 

2.39 

0,43? 

0 , 6ft  9 

0.994 

-0,124 

1.49 

2.23 

0.47* 

0,641 

1,000 

-0,000 

1,46 

2,11 

0.501 

0.659 

0,998 

0,070 

1,45 

2.04 

0.325 

0.677 

0,992 

0,140 

1,44 

1.97 

0.349 

0,695 

0.981 

0,211 

1,43 

1 ,90 

0.573 

U.713 

0,965 

0,282 

1  ,  41 

1,84 

0 . 399 

0 , 731 

0,945 

0,354 

1,40 

1.78 

0,923 

0,749 

0,920 

0  ,  426 

1,39 

1.71 

0.94* 

0,767 

0,890 

0,498 

1 ,  38 

1.65 

ft, 974 

0.785 

0,855 

0,571 

1.37 

1  .60 

0,700 

0,803 

0.815 

0,644 

1,36 

1.54 

0.729 

0 . 821 

0,769 

0,717 

1,36 

1,48 

0.75? 

0,839 

0.718 

0,791 

1.35 

1.43 

0.779 

ft, 856 

0,661 

0 , 865 

1,34 

1.38 

0.3C9 

0,874 

0,599 

0,939 

1,33 

1.33 

0.333 

0.892 

0,531 

1  ,  013 

1,32 

1.28 

0 , 363 

0,910 

0.458 

1.087 

1,32 

1,23 

0.38* 

0.928 

0.378 

1.162 

1,31 

1  ,18 

O.’lS 

0,946 

0.293 

1,237 

1 .  30 

1,13 

0,944 

0,964 

0.201 

1,312 

1.30 

1.09 

0.97? 

0,982 

9.104 

1,387 

1,29 

1 .04 

1  .000 

1.000 

,0.000 

1,462 

1,79 

1,00 
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SPALL  DYNAMICS 

HtGw  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTH  . 

316,22777 

FEET 

M  A  Y  l  Y(J  Y 

SURFACE  excursion  « 

•5,76209 

FEET  PER  THOUSAND  PS!  SQUARED 

CLOSURE 

DEPTH  « 

92,07664 

FEET 

CLOSURE  TIMP  » 

0 , 99921 

SECONDS  PER  THOUSAND  PS! 

Tl  Yg 

SPALL 

surface 

SURFACE 

SURFACE 

LOWER 

thickness 

position 

velocity 

acceleration 

cavity 

(  IN  GEES  > 

boundary 

n,  ooo 

0.000 

0,000 

-2,000 

0,00? 

n ,  032 

0,007 

-1  ,94(j 

9 ,  22 

12,14 

n,oo* 

0 . 065 

0,0?9 

-1,875 

5,10 

9.78 

0,013 

0,  097 

0,063 

-1 ,805 

3,73 

B,4l 

0 , 023 

n ,  i3o 

0 . 1  0  7 

*1  , 7  3  0 

3 ,  n  4 

7,44 

0,035 

0,162 

0.141 

-1 , 65  0 

2,63 

6.70 

0,051 

0.195 

0,222 

-1 ,565 

2,36 

6.09 

0,069 

0.227 

0,289 

•1,476 

2,16 

5,59 

0,089 

n  ,26o 

0,361 

-1,383 

2,01 

5,15 

0.11? 

0.292 

0,435 

-1 ,286 

1.90 

4.77 

0.136 

0.325 

0,511 

*1,184 

1,81 

4.43 

0,163 

0,357 

0,586 

*1 , q80 

1,73 

4,12 

0,191 

0,390 

0,659 

-0,971 

1,47 

3,84 

0,221 

0.422 

0.728 

•0 ,86o 

1,42 

3,59 

0.254 

0.455 

0,793 

-0,745 

1,57 

3,36 

0.289 

0.487 

0.851 

-0 ,628 

1,53 

3.14 

0.323 

0.520 

0 ,9nl 

-0 ,507 

1,50 

2,94 

0,361 

0,552 

0,943 

-0,384 

1,47 

2.75 

0,399 

0,585 

0,974 

•0,258 

1  ,  44 

2.58 

0.439 

0.617 

0.993 

•0  ,iJo 

1.41 

2,41 

0,481 

0.650 

1.000 

0,000 

1,39 

2,26 

e.5t)A 

0.667 

0,998 

0,071 

1,38 

2,18 

0.52? 

0,685 

0,992 

0 , 1 43 

1,37 

2.10 

0.351 

0.702 

0.951 

0,215 

1.36 

2.02 

0.575 

0,720 

0 , 966 

0,238 

1,35 

1.95 

0,399 

0,737 

0.946 

0,362 

1,34 

1,88 

0,624 

0,755 

0.922 

0 , 435 

1,34 

1 .81 

0.649 

0.772 

0.892 

0,510 

1,33 

1,74 

0.674 

0,790 

0,85/ 

0,585 

1,32 

1,68 

0,700 

0, 8q7 

0,818 

0 , 660 

1  .  31 

1.61 

0.725 

0,825 

0.772 

0  ,  736 

1,30 

1.55 

0.75? 

0.642 

0.722 

0,812 

1 ,30 

1.49 

0.779 

0,860 

0,668 

0 , 889 

1,79 

1 ,43 

0.906 

0,877 

0,603 

0 , 966 

1,79 

1  .37 

0,933 

0,895 

0.535 

1.044 

1,78 

1  .31 

0.963 

0,912 

0,462 

1.122 

1.57 

1.26 

0.987 

0 , 930 

0,382 

1,200 

1.77 

1  ,?o 

0.913 

0.947 

0.296 

1,278 

1.26 

1 .15 

0,943 

0.965 

0.203 

1,357 

1.76 

1  .13 

0,97? 

0.982 

0.105 

1,437 

1,75 

1 .05 

1.000 

1.000 

-0.000 

1,516 

1,75 

1.00 
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SPALL  DYNAMICS 

HIGH  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTH  « 

562,34133 

FEET 

M A  1 1  HUH 

surface  EXCURSION  « 

•6,91771 

FEET  PER  THOUSAND  PS  1  SQUAWED 

closure 

DEPTH  * 

125,82708 

FEET 

CLOSURE  TIME  a 

1.14345 

SECONDS  PER  THOUSAND  PSI 

TIME 

SPALL 

surface 

surface 

SURFACE 

LOWER 

thickness 

position 

velocity 

acceleration 

cavity 

( IN  GEES) 

boundary 

n  .rod 

o.ooo 

0,000 

•2,000 

o.ooi 

n ,  o33 

0,307 

-1 , 952 

6,89 

15,59 

n  .oc* 

0,066 

0.027 

-1 , 898 

1,94 

12,51 

0.013 

0,100 

0.058 

-1,837 

2,96 

10.72 

0.023 

0,133 

0.100 

-1,769 

2,47 

9,4ft 

0.035 

0.166 

0.152 

-1,696 

£  |1  7 

8.40 

0 ,050 

f!  ,199 

0,210 

-1,617 

1,97 

7,69 

0.065 

0.232 

0,276 

-1,533 

1,83 

7,02 

0 , 087 

0,266 

0.346 

-1,443 

1,73 

6,45 

0,109 

0.299 

0,419 

-1  ,348 

1,65 

5,94 

0.134 

0,332 

0.495 

-1,247 

1  i  S  8 

5,49 

0,160 

0,365 

0,570 

-1,142 

1,53 

5,09 

0,189 

0,398 

0,644 

-1 ,032 

1,48 

4.72 

0.220 

0.431 

0,715 

-0,917 

1,44 

4,39 

0.25? 

0,465 

0.782 

-0 , 798 

l  ,  41 

4,08 

0,28/ 

0.498 

0  ,  »4< 

-0,675 

1.38 

3,79 

0.323 

0.531 

0,895 

-0,548 

1,36 

3,52 

0,361 

0,564 

0,939 

•0,416 

1,34 

3.28 

0 , 4  0 1 

0,597 

0.972 

-0,281 

1,32 

3.04 

0.<«3 

0.431 

0.993 

-0,142 

1,30 

2.82 

0.484 

0,664 

1,000 

0,000 

1,28 

2,61 

0.509 

0.681 

0.998 

0 , 0 73 

1,28 

2.51 

0.531 

0 , 697 

0,992 

0.148 

1,27 

2.42 

0.554 

0,714 

0,982 

0,223 

1,26 

2.32 

0.379 

0.731 

0.947 

0,299 

1,26 

2,23 

0.802 

0,748 

0,948 

0,375 

1,25 

2.14 

0 . 626 

0 , 765 

0,924 

0  , 453 

1,25 

2.05 

0.450 

0,781 

0.895 

0,531 

1,24 

1 , 96 

0.479 

0 , 798 

0,861 

0,610 

1,23 

1  .88 

0,  JQl 

0,015 

0.822 

0 , 690 

1.23 

1.79 

0.724 

0,832 

0.77/ 

0  ,  771 

1,22 

1,71 

0,752 

0,849 

0.727 

0,852 

1,22 

1 . 64 

0.779 

0 , 866 

0,671 

0 , 934 

1,22 

1,56 

0 , 9o  5 

0,882 

0.610 

1 ,  Ol6 

1,21 

1,40 

0.332 

0,099 

0.542 

1,100 

1.21 

1 ,4l 

0.959 

0.916 

0,468 

1,184 

1  ,?0 

1.34 

0.987 

0,933 

0,387 

1,268 

1,?0 

1,27 

o.  913 

0 , 950 

0.301 

1,353 

1,70 

1 « 2  0 

0.943 

0,966 

0,207 

1,439 

1,19 

1.13 

0.971 

0.983 

0.10' 

1,525 

1,19 

1 .  06 

1 ,090 

1  .000 

■0.000 

1,612 

1,18 

1  .Of) 
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SPALL  DYNAMICS 

HIGH  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTH  « 

749,89421 

FEET 

MAXIMUM 

SURFACE  EXCURSION  * 

-7,46073 

FEET  PER  THOUSAND  PSI  SQUARED 

closure 

DEPTH  i 

146 , 76508 

FEET 

CLOSURE  TIME  * 

1,20940 

SECONDS  PER  THOUSAND  PS! 

TIME 

spall 

SURFACE 

SURFACE 

SURFACE 

LOWER 

thickness 

POSITION 

velocity 

acceleration 

CAVJ  TY 

( IN  GEES) 

BOUNDARY 

ft. 000 

0.000 

0.000 

-2,000 

******* 

0 .001 

0,033 

0,00? 

-1 ,957 

6  ,  nl 

17,72 

0.005 

0 ,06? 

0,0?6 

•1,907 

1,50 

14.20 

0.013 

0,100 

0,056 

-1 , 85(5 

S  ,6/ 

12,15 

0.02? 

0,134 

0.097 

-1,787 

2, ?5 

10.71 

0,035 

0 ,167 

0,148 

-1,717 

2,00 

9,59 

0,0*9 

0,201 

0,206 

-1,640 

1,83 

8,68 

0,067 

0,234 

0,270 

-1 ,558 

1,71 

7,91 

0,086 

0,268 

0,340 

-1,469 

1,*2 

7.25 

0,10? 

0 , 3o  1 

0,413 

-1,375 

1,55 

6,67 

0,133 

fl  N  3  3  5 

0,488 

-1,275 

1,49 

6,16 

0,15? 

0,368 

0,563 

-1  ,l7o 

1,45 

5,09 

o;i89 

0,402 

0,638 

-1,059 

1,41 

5,27 

0,?1? 

n.435 

0.7  0? 

-0,943 

1.1" 

4.88 

0,251 

0,409 

0.777 

•0 , 822 

1,35 

4,53 

0,286 

n,502 

0,838 

-0,696 

1,33 

4  » 2q 

0.323 

0,536 

0.892 

•0 ,566 

1,U 

3,89 

0,361 

0,569 

0,937 

-0,431 

t  ,?9 

3.60 

0,  *0? 

0,603 

0.971 

-0,292 

1,?7 

3,33 

0.444 

0 , 63* 

0.992 

-0,1*6 

1,26 

3,00 

0.489 

0.670 

1 ,000 

-0 ,000 

l,*4 

2,84 

0 , 510 

0 . 686 

0,998 

0  ,  o  7  4 

1,24 

2.72 

0.532 

0 . 7fl 3 

0.992 

0,150 

1,23 

2.61 

0,555 

0.719 

0,982 

0,226 

1,23 

2,50 

0.379 

0.73* 

0,968 

0,30* 

1  ,?2 

2 , 4fl 

0 . 602 

(1.752 

0.94V 

0,382 

l.?2 

2,29 

0.627 

0,709 

0,925 

0,461 

1,21 

2,19 

0,651 

0.705 

0,896 

0,541 

1,?1 

2.10 

0.875 

0,80? 

0 ,863 

0  i  622 

1,20 

2.00 

0 . 7  0 1 

0  .  «14 

0.824 

0,703 

1,20 

1.91 

0.727 

0,835 

0,779 

0  , 786 

1  •  1 9 

1.02 

0.752 

0,831 

0,729 

0,869 

1.19 

1,73 

0,779 

0,808 

0,674 

0 ,954 

1.19 

1.64 

0 , 9q5 

0,884 

0.612 

1  ,  039 

1,10 

1.55 

0.93? 

o,?oi 

0,544 

1,124 

t » 1 8 

1.47 

0.95? 

0.917 

0,470 

1,211 

1,10 

1.39 

0,487 

0.934 

0 ,390 

l  ,298 

1 ,1  7 

1 .31 

0  ,  ?1 3 

0 . 950 

0 , 3n3 

1,386 

1.17 

1.23 

0,943 

0.907 

0 ,2n9 

1,475 

1,17 

1.15 

0,971 

0.983 

0,108 

1,565 

1 , 1  6 

1.07 

1  .000 

1  ,000 

-0,000 

1 ,059 

1,16 

1.00 

PAGE  A45 


SPALL  DYNAMICS 

HIGM  PRESSURE  LIMIT  ANALYSIS 


WAVELFNGTh  m  t33S, 52143  FEET 

MAXIMUM  SURFACE  EXCURSION  •  *8,48813  FEET  PER  THOUSAND  PSI  SQUARED 

CLOSURE  DEPTH  «  190,95529  FEET 

CLOSURE  TIME  «  1,32733  SECONDS  PER  THOUSAND  PSI 


T!  ME 

SPALL 

thickness 

surface 

POSITION 

surface 

velocity 

surface 

ACCELERATION 
< IN  GEES) 

loner 

cavity 

BOUNDARY 

0, 000 

o  ,ooo 

0,000 

«2,ooo 

0.  ool 

n ,  n  3  4 

0,  006 

« 1 , 966 

4,65 

23,04 

0.005 

0 .063 

0,024 

-1, 923 

2,82 

18,42 

0.012 

n.ioP 

0 ,054 

•1,874 

2,21 

15,72 

0,022 

0,136 

0,093 

-1,816 

1,91 

13,82 

0,034 

0,170 

0.141 

-1,752 

1,73 

12,34 

0  ,  0  4  S 

0 ,  ?0  4 

0,198 

-1,680 

1,60 

11,14 

0,068 

0.238 

0,261 

•1,601 

1,52 

10.13 

0,085 

0,27? 

0,329 

-1,515 

1 ,45 

9,26 

0,107 

0,305 

0,401 

-1,423 

1,40 

8,49 

0.131 

0.339 

0.47b 

-1,324 

1.36 

7.81 

0.155 

0.373 

0,552 

-1,218 

1,33 

7,19 

0,185 

0.407 

0.62  7 

-1,106 

1,30 

6,63 

0,217 

0.441 

0,700 

-0,988 

1,28 

6.12 

0.250 

0.475 

0,769 

-0,864 

1,76 

5,64 

0,285 

0 . 5o  9 

0.832 

-0,734 

1,78 

5,20 

0,322 

0,543 

0.887 

-C ,598 

1,22 

4,79 

0,362 

0.577 

0.934 

*0 ,457 

1:71 

4,41 

0,40  3 

0,611 

0,969 

-0,310 

1,20 

4,05 

0,446 

0 , 645 

0,992 

*0,158 

1 ,19 

3,71 

0 . 491 

0.679 

1.000 

-0,000 

1,10 

3,39 

0.512 

0 , 695 

0,998 

0 , 0  76 

1  .l7 

3,24 

0.533 

0,711 

0,992 

0 ,154 

1,17 

3,10 

0.557 

0,727 

0,982 

0,232 

1,17 

2,96 

0.580 

0,743 

0,968 

0,312 

1,16 

2,82 

0,504 

0.759 

0,950 

0,393 

1 , 1 6 

2,69 

0.828 

0,775 

0,926 

0,475 

1,16 

2,56 

0.652 

0.791 

0.898 

0,558 

1.15 

2,43 

0.677 

0.702 

n,flo7 

0.065 

0,642 

1 .15 

2.31 

0,823 

0 , 8?6 

0,727 

1 .15 

2,19 

0.727 

0,839 

0,782 

0,813 

1 .14 

2.07 

0.753 

0,855 

0,733 

0,900 

1.14 

1.95 

0.779 

0,872 

0,67/ 

0,989 

t  .  1  8 

1,86 

0 .305 

0 . 888 

0.616 

1  *078 

1 .18 

1.73 

0.33? 

O,904 

0,5«H 

1,168 

1.1  3 

1.62 

0.359 

0,920 

0,474 

1,259 

1 ,13 

1.51 

0,387 

0.936 

0.393 

1,351 

1 1 1  3 

1  «4fl 

0.914 

0.952 

0 . 3p6 

1,444 

1 . 1  3 

1.30 

0.943 

0.968 

0.211 

1,538 

1 « 1 2 

1.20 

f) .  971 

0,984 

0.10’ 

1,633 

1.12 

1.10 

1,000 

1  ,000 

•0.000 

1,729 

1.12 

1.00 
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spall  dynamics 

HIGH  PRESSURE  LIMIT  ANALYSIS 


MAYMUM  SURFACE  EXCURSION  t 
CLOSURE  ntPTu  * 
CLORjRfc  TIME  * 


TI  ME 


ft.  000 
ft,  fto  1 
ft .  00  5 
ft, 01? 
0,02? 
ft,  034 
ft  ,  049 
ft. 0*3 
0  ,  064 
ft  ,lC  6 
0, 130 
0,157 
ft6 186 
0,  ?16 
ft.?50 
0.  ?85 
ft,  32? 
fts  J6? 
0, 4q  3 
0,446 
0.49? 
0.514 
",  53 6 
0.559 
ft.  381 
ft ,  *0  5 
0.625 
0,65c 
0,677 

0.70? 

0.  727 
ft.  753 
0,  779 
C.505 
ft,  93? 
ft.  859 
0,887 
0.  »14 
ft.  94  3 
0.  571 
1.000 


„  SPaLL  SUNEACt 
Thickness  position 


o  .000 

0.034 
0 .066 
ft  .10? 
0,137 
ft  .171 
0 .205 
0,239 
0.773 
ft  .  3p  7 
ft  .341 
0.375 
0  ,<10 
0.444 
ft. 478 
0.51? 
ft  .  546 
ft  ,58ft 
0.614 
ft  ,  648 
0,633 
0.698 
ft  .  714 
0.73ft 
0.746 
0,762 
0.778 
0.794 
0.810 
0,825 
0.841 
0.857 
ft.  873 
0.889 
0 , 9q  5 
0.92! 
0,937 
0,952 
0,968 
0.984 

1  .coo 


0,000 
0,006 
0.024 
0.052 
0.091 
0.139 
0,194 
0.257 
0.325 
0,397 
0.471 
0.54/ 
0.622 
0,696 
0,765 
0,829 
0,885 
0,933 
0.969 
0,992 
1.000 
0.998 
0,992 
0,983 
0,969 
0,95c 
0,927 
0,899 
0 . 866 
0,828 
0.784 
0,734 
0,679 
0,617 

0.550 
0,475 
0,395 
0,307 
0,212 
0.110 
-0 , OftO 


1778,27941  FEET 

2  31*28994  rlfr  ^  THnUSA*D  P$I  SQUARED 
1*37910  SECONDS  PER  THOU SANn  PS, 


surface 

velocity 


-2,000 

•1 , 969 

•l,93o 

-1,884 
-1,829 
*1 , 767 
-1,697 
-1,619 
•1,535 
-1,443 
-1,344 
*1,239 
-1,126 
-1.007 
-0,882 
-0,75ft 
-0,612 
-0,468 
-0,318 
-0,162 
-0,000 
0,077 
0, 1  56 
0,235 
0,316 
0,398 
0,481 
0,565 
0 , 65l 
0 , 737 
0,825 
0,914 
1.0Q4 
1.095 
1,187 
1,280 
1,374 
1,469 
1 , 565 
1,663 

4  «•  * 


surface 

ACCELERATION 
( r n  GEg«?) 


4,12 
?,  56 
2, ft4 
1,78 
1,62 
1,5  2 
1 ,44 
1  ,  39 
1,34 
1,31 
1,78 
1,76 
1,74 

1,72 

1.71 
1.19 
1,18 
1  ,  1  7 
1 ,  1  6 
1,15 
1 , 1  5 

1,1  5 
1,14 
1,14 
1,14 
1,13 
1,13 
1 , 1  3 
1 , 13 
1,12 
1,12 
1,12 
1,12 
1.11 
1.11 
1,11 
1.11 
l.tl 
1,11 
1,10 


lower 

CA^JTY 

houndary 


26,33 

21,03 

17.93 

15.74 

14.05 

12.67 

U 

16.5ft 

9.62 

8.83 
8.12 
7,4ft 
6.88 

6.34 

5.83 

5.35 
4.91 

4,49 

4 , 1 0 
3,73 
3,56 
3.7(1 
3,24 
3.  09 
2,93 
2.79 
2.64 
2.50 
7,36 
2,2  2 
2.09 
1.96 
1,83 
1.71 
1,5ft 
1.4ft 
1,34 
1.23 
1.11 
1 ,  OO 
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MAXI  HUM 


TIME 


0.000 
0,001 
0  .  0  0  5 
0.01? 
0.021 
0,033 
0,045 
0,065 
0,084 
0,10* 
n  ,  130 
0,156 
0,185 
0.21* 
0.249 
0,284 
0,32? 
0.36? 
0.403 
0.447 
0,493 
0.315 
0.537 
0,559 
0.58? 

0  ,  *0* 
0.629 
0 ,653 
0.677 
0.70? 

0.727 

0.753 

0.779 

0,303 

0.332 

0.359 

0,387 

0,914 

0.945 

0.971 

1.000 


SPALL  DYNAMICS 

HIGH  PRESSURE  LIMIT  ANALYSIS 


HAvELENGT*  *  2371,37371 
SURFACE  FXCURSIOM  B  -9,37549 


closure 

DEPTH  « 

268,64923 

CLOSURE  T IMF  c 

1 , 42616 

SPALL 

SURFACE 

surface 

thickness 

POSITION 

velocity 

0,000 

0,000 

-2,000 

0  ,  034 

0,006 

-1,972 

0 ,069 

0,023 

-1,937 

n  ,io3 

0,051 

-1,892 

n.137 

0,089 

-1 , 840 

0,171 

0,136 

-1,780 

0,206 

0,191 

-1,712 

0  ,240 

0,253 

- 1 ,636 

0.274 

0.321 

•1,552 

0  . 3  0  <9 

0.^92 

-1,461 

0,343 

0.467 

-1,363 

0.377 

0,543 

-1,257 

0.412 

0.618 

-1,145 

0,446 

0,692 

-1  ,  o25 

0.480 

0.762 

-0 , 898 

0,514 

0.826 

—  0 ,765 

0,549 

0.884 

-0 ,625 

0,583 

0,931 

—  0 ,478 

0,617 

0.968 

-0,325 

0.652 

0,992 

-0,166 

0.686 

1,000 

-0,000 

0,70? 

0,998 

0,078 

0.717 

0,992 

0,157 

0,733 

0,983 

0,238 

0.749 

0,969 

0,319 

0,764 

0,950 

0,402 

0,780 

0.927 

0,485 

0,796 

0.900 

0,572 

0,812 

0.867 

0 , 659 

0,827 

0 , 8?  B 

0,746 

0.843 

0,785 

0  , 835 

0,859 

0.735 

0,926 

0.874 

0 ,68q 

1,017 

0 , 890 

0,619 

1,110 

0 ,90* 

0,551 

1,203 

0,921 

0.477 

1,298 

0,937 

0.396 

1  ;394 

0,953 

0 .308 

1,491 

0.969 

0.213 

l,59o 

0,984 

0.110 

1,689 

1,000 

*0  .ono 

l,79o 

feet 

FEET  PEP  THOUSAND  PS1  SQUARED 
FEET 

SECONDS  PER  THOUSAND  PSI 


surface 

LOWER 

ACCELERATION 

cavity 

( IN  GEES) 

BOUNDARY 

•*••*••• 

******* 

3,47 

36.13- 

2,34 

24,04 

1,89 

20.48 

1,67 

17,97 

1,53 

16,02 

1,44 

14,43 

1,38 

13,09 

1,33 

11,94 

1  ,?9 

16.92 

1,97 

16.01 

1,?4 

9  ,  ?  0 

1,92 

8.45 

1  ,?o 

7,77 

1,19 

7,13 

1,18 

6,55 

1,16 

6,00 

1,16 

5,49 

1,15 

5.01 

1,14 

4,55 

1  ,1  3 

4.12 

1,13 

3,93 

i  ,  1  3 

3,75 

1,12 

3,57 

1,12 

3,39 

1,12 

5,22 

1,12 

3.05 

1,11 

2.88 

1,11 

2,72 

1.11 

2,56 

1,11 

2.41 

1,10 

2,25 

1,10 

2,10 

1,10 

1,96 

1,10 

1 .81 

1,10 

1,67 

1,10 

1.53 

1 ,09 

1 .40 

1  ,n9 

1,26 

i  ,  09 

1.13 

«■  *0 

A.  t  ”  ' 

1,00 
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max j mum 


TIME 


n.ooo 
0 ,001 
0  .00* 
0.012 
0 , 021 
0 ,  033 
0,047 
0,064 
0 ,083 
0.105 
0,129 
0,156 
0,184 
0,215 
0,249 
0.284 

0,522 
0,362 
fl,404 
0,448 
0.494 
0.513 
0.537 
0,560 
0,582 
0 . 606 
0,629 
0.633 
0,675 
(1.70? 
0.727 
0.753 
0.979 
O,§05 
0.932 
0,859 
0,935 
0,914 
0,94? 
0.991 
1  ,000 


PALL  DYNAMICS 

HIGH  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTH  « 

3162,27766 

surface 

EXCURSION  « 

*9,76628 

CLOSURE  DEPTH  ■ 

3ll . 8  n 845 

CLOSURE  TIME  ■ 

1,46867 

SPALL 

surface 

surface 

THICKNESS  POSITION 

velocity 

n.coo 

0,  QOO 

-2,000 

0.034 

0,006 

-1  ,975 

0  ,  069 

o,  o?3 

-1 ,94? 

0 , 1 0  3 

0,050 

-1  ,900 

0,138 

0.088 

-1  ,850 

0.19? 

0,134 

-1,792 

n,209 

0,189 

-1,725 

0 ,241 

0,250 

-1  ,650 

0.275 

0.317 

*1 ,568 

0.310 

0.389 

-1 ,478 

0.344 

0,463 

*1 . 3  8o 

0,379 

0,539 

-1,274 

0,413 

0,615 

•1.161 

0,448 

0,689 

*1,041 

0,482 

0.959 

•0,913 

0.517 

0.8?4 

- 0 ,778 

0,551 

0.682 

-0 , 636 

0 . 585 

0.930 

•0 ,487 

0.620 

0.968 

•  0 ,332 

0,654 

0,992 

-0,169 

0.689 

1,000 

0,000 

0.704 

0,998 

0,079 

0.720 

0,993 

0,159 

0,735 

0,983 

0,240 

0,751 

0,969 

0,322 

0.767 

0,951 

0,406 

0,78? 

0,928 

0,491 

0,798 

0,900 

0,578 

0,813 

0,869 

0,666 

0,829 

0,829 

0,755 

0,844 

0.986 

0,845 

0 , 860 

0,936 

0 , 936 

0.875 

0,681 

1,029 

0,891 

0 ,62q 

1,123 

0,?09 

0,552 

1,218 

0,92? 

0,478 

1,315 

0.938 

0.397 

1,413 

0.953 

0.309 

1,511 

0.969 

0.213 

1.61? 

0.984 

0,110 

1,713 

1  .000 

*•0  ,000 

1 ,815 

FEET 

FEET  PER  THOUSAND  PS!  SQUARED 
FEET 

SECONDS  PER  THOUSAND  PSI 


SURFACE 

LOWER 

acceleration 

cavity 

( IN  GEES) 

boundary 

<>**#**** 

3 ,  ?  9 

34,53 

?,15 

27.52 

1,76 

23.43 

1,57 

26,54 

1,46 

1 8 , 3  o 

1,38 

16.47 

1  ,33 

14.93 

1,29 

13.60 

l  ,?5 

12.43 

1  ,?4 

11,38 

1.21 

16.44 

1,19 

9.58 

1,17 

8,79 

1.16 

8.06 

1 , 1  5 

7.38 

1 . 1  4 

6,75 

1 , 1  3 

6.16 

1 .13 

5 . 6  0 

1,12 

5.08 

l.U 

4,58 

1.11 

4.36 

1,11 

4,15 

1,11 

3,94 

1,10 

3.74 

1,10 

3,54 

1,10 

3,35 

1,10 

3.16 

1.10 

3,97 

1 ,  09 

?,79 

1  »  0  9 

2.61 

1 ,09 

2,44 

1,09 

2,27 

1.09 

2.10 

1,09 

1.93 

1,08 

1.77 

1,08 

1.61 

1 ,  (i8 

1.45 

I.08 

1  •  3  0 

1,08 

1.15 

1,08 

1  .00 
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SPALL  DYNAMICS 

HIGH  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTH  «  <216,96504  FEET 


MAY!  MUM 

SURFACE  EXCURSION  • 

-10,12204 

FEET  PER  THOUSAND  PSl  SQUARED 

CLOSIJRF 

D6PTW  « 

34i , 66345 

FEET 

CLOSJRE  TIMF  ■ 

1 , 5q  68  7 

SECONOS  PER  THOUSAND  PS  I 

TINE 

spall 

SURFACE 

SURFACE 

surface 

LONER 

thickness 

POSITION 

VELOCITY 

acceleration 

cavity 

(  IN  GEES) 

WOUNDARY 

0,000 

n  ,ooo 

0,000 

•2,000 

o .  not 

n  .035 

0  »  0  0  6 

•1,978 

2,97 

39,  *o 

0,005 

0 ,069 

0.022 

•1,947 

1,98 

31,54 

0,012 

o  ,io4 

0.050 

•1,907 

1,46 

26,83 

0 ,021 

0,138 

0,087 

-1 ,859 

1,49 

23,5(3 

0,033 

0.173 

0,133 

-1,802 

1,39 

20,92 

0,047 

0,207 

0.187 

.1,737 

1,33 

18.82 

0  ,  064 

0,242 

0.248 

-1,663 

t,?P 

17,05 

0,083 

0.276 

0 , 3l  4 

-1,582 

1,?5 

15.51 

0,105 

0.311 

0 . 386 

-1,492 

1,?2 

14,16 

0,129 

0 . 346 

0.460 

-1,395 

1,70 

12.96 

0,155 

0,380 

0,536 

-1,289 

1,18 

11,87 

0,184 

n ,  4i5 

0,612 

-1  ,176 

1,16 

10.88 

0 ,  ?1  5 

0,449 

0,686 

-1 ,055 

1  , 1 5 

9,97 

0,?48 

0,484 

0.757 

-0,926 

1,14 

9,13 

0,284 

0,518 

0,822 

-0 ,790 

1.13 

8,34 

0,322 

0.553 

0,881 

-0 ,646 

1,12 

7.61 

0 . 362 

0,587 

0.V30 

-0 ,496 

1  ,11 

6,93 

0.404 

0,622 

0,967 

•  0  1 3  3  7 

1  .11 

6,29 

0.445 

0,657 

0,991 

-C.172 

1,10 

5,68 

0.493 

0.691 

1,000 

0  .000 

1.10 

5.10 

0.516 

0 , 7q  7 

0,998 

0  , 0  79 

1.10 

4,86 

0.539 

0,722 

0 , 993 

0 ,160 

1 ,  n9 

4,6l 

0.560 

0.737 

0,983 

0,242 

1  •  0  9 

4,38 

0.383 

0,753 

0,969 

0 ,325 

1  ,89 

4.15 

0 , 6o5 

0 , 768 

0,951 

0,410 

1,49 

3.92 

0 . 630 

0.784 

0,928 

0,496 

1  «fl9 

3.70 

0.653 

0,799 

0,901 

0,583 

1,88 

3,48 

0.679 

0,815 

0,868 

0,672 

l ,  n8 

3.27 

0.70? 

0 , 830 

0.830 

0 ,76? 

l  ,48 

3,06 

0.729 

0 , 846 

0 , 786 

0,853 

1 ,48 

2.85 

0.753 

0 , 861 

0.737 

0,946 

1 ,48 

?.65 

0.779 

0,876 

0,682 

1,040 

1 ,  48 

2,46 

0  .  *0  3 

0,892 

0,621 

1,135 

1,48 

2,26 

0.83? 

0.907 

0,553 

1,232 

1 .  47 

2.07 

0.959 

0,923 

0,47V 

1 ,330 

l  ,47 

1,89 

0,986 

0,938 

0.398 

1,429 

1,47 

1.70 

0.914 

0,934 

0.309 

1 ,529 

1,47 

1.52 

0,94? 

0,969 

0.214 

1,631 

1,47 

1.35 

0,97i 

0.985 

0.111 

1 ,734 

1,47 

1.17 

1,000 

1  ,000 

•0,000 

1  ,  838 

1 ,47 

1.00 
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SPALL  DYNAMICS 

HIGH  PRESSURE  LIMIT  ANALYSIS 


WAVELENGTH  « 

5623,41326 

FEET 

MA«I HU*< 

SlJRFACF  EXCURSION  * 

-10 ,44388 

feet  per  thousand  psi  squared 

CLOSURE 

DEPTH  • 

419,24847 

FEET 

CLOSURE  TIME  « 

1,54104 

SECONDS  PER 

THOUSAND  PSI 

T  I  HE 

spall 

SURFACE 

SURFACE 

surface 

LOWER 

thickness 

POSITION 

velocity 

ACCELERATION  CAVITY 

UN  GEES) 

boundary 

n  .noc 

n  .ooo 

0.000 

•2,000 

****6*** 

n  .not 

0.035 

0  ,0Ci6 

-1,980 

?  t  70 

45,46 

ft  .  00  5 

0,0*9 

0.022 

-1,951 

1,85 

36,18 

ft  .01? 

0 ,10* 

0,049 

*1,913 

1,56 

30.77 

ft  ,021 

0,139 

0 .08* 

•1 , 867 

1,42 

26.93 

o .  e»  3  3 

0.173 

0.131 

*1,811 

1 1  34 

23,96 

ft  ,  0  4  7 

ft  .20* 

0.185 

-1,747 

1,28 

21.54 

0,0*3 

0,243 

0.245 

•1,675 

1,24 

19.49 

ft. 083 

ft  ,  277 

0.312 

•1,794 

1.21 

17,73 

0 , 104 

ft  ,31? 

0,383 

-1,505 

1.19 

16.17 

0,128 

0.347 

0.457 

-1,406 

1,17 

14,78 

ft. 155 

0,381 

0,533 

•  1 , 3q2 

1,15 

13,52 

ft. 183 

0,416 

0,609 

-1,189 

1,14 

12,38 

0.451 

0.684 

-1,067 

1 , 1 3 

11.33 

ft. 245 

0.485 

0.755 

-0 , 938 

1,12 

10.36 

0.283 

0.920 

0,821 

*0,800 

1,11 

9.45 

0.321 

0.555 

0.879 

-0 , 655 

1,11 

8 ,  *1 

0,362 

0,589 

0,929 

•  0 , 50 3 

1,10 

7.82 

0 , 4jj4 

A. *24 

0.967 

0  *  343 

1 ,  ft9 

7.08 

0,44? 

0  ,  *59 

0.991 

-0,175 

1,09 

6,38 

0.495 

0.693 

1.000 

-0,000 

1,  OB 

5.n 

0,317 

0.709 

0,998 

0,080 

1,08 

5.43 

0.339 

0.724 

0,993 

0,161 

1 , 08 

5.15 

ft. 361 

0,739 

0,983 

0,244 

1,0  8 

4,88 

0.383 

0,755 

0,969 

0,328 

1 , 0  8 

4,61 

ft.  60  3 

0,770 

0.951 

0,413 

1,08 

4.35 

ft ,  630 

0.785 

0,928 

0,500 

1 ,  ft7 

4.10 

0.654 

0  ,«oi 

0,901 

0,588 

1,07 

3,85 

0.675 

0,81* 

0.868 

0,678 

1 ,  ft  7 

3.6l 

ft  ,  7g  3 

0 .831 

0,830 

0,769 

1 ,  ft7 

3,37 

0.723 

0.847 

0.787 

0,861 

1 .  ft7 

3,13 

0.753 

0.862 

0,738 

0,955 

1  ,ft7 

2 , 9fl 

0.779 

0,877 

0,683 

1 , 050 

1,  ft7 

?,*7 

0.509 

0,893 

0.622 

1,146 

1 ,  ft  6 

2,45 

0,83? 

0,908 

0.554 

1,244 

l.ft* 

2.23 

ft. 559 

0.923 

0.480 

1,343 

1  ,ft6 

2.02 

0.886 

ft  ,939 

0,398 

1,443 

1  ,ft6 

1.8J, 

0,914 

ft, 954 

0.310 

1,545 

1,06 

t.*0 

0.94? 

0.969 

0 , 21  4 

1,648 

l,ft* 

1.40 

0.971 

ft, 985 

0.111 

1,752 

1,0* 

1,20 

1.000 

1  .000 

*0.000 

1,838 

l.ft* 

1.00 

(boturtty  ctoamUleatlon  ot  ttti o, 


1.  Oftt«INATlN«  ACTIVITY  (CfpOftO  OU 

ENGINEERING.- PHYSICS  COMPANY 
12721  Twinbrook  Parkway 
Rockville,  Maryland  20852 


»■  HI^ONT  TITLE 

ON  THE  THEORY  OF  BULK  CAVITATION 


DOCUMENT  CONTROL  DATA  ■  R  &  D 

•/  tEAfracf  «im t  muil  bo  *n to\ *<f  k'/im  flic  ararmll  report  la  clmaaltlad) 


IA.  RCRONT  (KCURITY  C  L  AftSIM  C  A  T IOM 


UNCLASSIFIED 


It*.  QNOUN 


«.  OStClQINTI  VI  NOTE*  (Trie*  *t  rfoet  and  IneliHln  daft) 

Final  Report 


Au  THORdi  (Fit**  nmmo,  mlmttto  tnitlmt,  loot  nemo) 

Vincent  J.  Cushing 


«.  REPORT  OA  TE 

December  1969 


ML  CONTRACT  OR  QUART  NO. 

Nonr-3709(00) 

k.  RROJICT  NO. 

EPCO  Project  No.  106 


lm.  TOTAL  NO  Or  I 

145 


yb.  no.  or  inert 

9 


M,  ORIOINATOrl  REPORT  NUMtlRlH 


M.  OTHER  *Ki»o*T  NO(«)  (Any  other  number*  bmt  mmy 
thlm  report) 


bo  Mdfwrf 


10.  OIOTMDUTION  statement 

This  document  has  been  approved  for  publli 
unlimited. 

:  release  and  sale;  its  distribution  is 

U'.Egt BCTE— —  . - 

It.  OPOMtONIMO  MILITANT  ACTIVITY 

Office  of  Naval  Research 

Field  Projects  Programs 

Washington,  D.  C.  20360 

When  the  compressive  shock  from  an  underwater  explosion  intercepts  the  free 
water  surface,  part  of  the  shockwave  energy  is  propagated  into  the  overlying  air  and 
part  is  reflected  back  into  the  water.  Early  acoustic  theories  failed  to  describe 
the  transmitted  and  reflected  waves  because  acoustic  theory  implies  a  linear  stress/ 
strain  relationship  for  the  water--including  the  ability  of  water  to  withstand  con¬ 
siderable  tension.  The  analysis  provided  in  thia  report  assumes  that  the  water  can 
withstand  no  substantial  amount  of  tension,  so  that  an  incident  shockwave  causes  a 
surface  layer  of  the  water  to  rupture  and  spall  upward.  The  region  between  the  spall 
and  the  underlying  (relatively)  quiescent  water  has  long  been  termed  the  cavitated 
region,  and  the  entire  process  has  been  termed  bulk  cavitation. 

The  energy  contained  in  the  incident  compressive  shockwave  is  temporarily  stored 
in  the  kinetic  and  gravitational  potential  energy  of  the  spall.  When  the  spell  falls 
back  and  impacts  (water  hammers)  the  underlying  water  this  stored  energy  is  re¬ 
emitted.  The  spalled  interface  behavior  is  essentially  different  from  the  earlier 
acoustic  interface  picture,  and  the  magnitude  and  shape  of  the  pressure  waves  in  the 
overlying  air  and  those  generated  in  the  water  at  the  time  of  spall  impact  are  es¬ 
sentially  different  from  that  derived  from  the  acoustic  Interface  assumption. 

This  report  studies  the  mechanism  of  water  rupture,  cavitation,  and  spall  forma¬ 
tion;  studies  the  dynamics  of  this  spall  and  cavitated  region;  studies  the  dynamics 
of  spall  impact  and  generation  of  secondary  waves  under  water.  The  study  concludes 
with  a  discussion  of  the  air  blast  wave  shape  to  be  expected  when  the  water  surface 
moves  in  accord  with  the  spallation  and  cavitation  picture. 
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